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SUMMARY 


Goodyear  Aerospace  Corporation  (GAC)  was  awarded  U.S.  Army  Contract 
DAI  9- 120- AMC-857(N)  to  perform  an  exploratory  investigation  of  a  BAL- 
LU TE'1  flexible  rotor  system  for  a  low- altitude  airdrop  mission.  In  this 
concept  the  BALLUTE  extracts  the  rotor  and  payload,  and  induces  initial 
spin  into  the  rotor;  then  the  inflatable  fabric  rotor  system  decelerates  the 
cargo  to  the  required  impact  velocity. 

The  evaluation  of  the  BALLUTE-f  iexible  rotor  system  was  performed  in  a 
series  of  dependent  steps.  A  definition  of  the  system  concept  as  required  by 
this  application  was  first  established  and  then  a  detailed  design  of  the  system 
components  was  generated.  The  final  phase  determined  the  design  weights 
of  the  BALLUTE  and  rotor  system.  Existing  performance  data  and  state-of- 
the-art  structural  analysis  techniques  were  used  in  evaluating  the  final  size 
and  weight  tradeoffs. 

The  rotor  was  studied  only  as  a  drag  device;  its  basic  L/D  (glide)  capability 
was  not  considered.  One  reason  for  neglecting  the  forward  flight  ability  is 
the  requirement  for  a  highly  complex  mechanism  to  control  blade  pitch  angle. 
The  only  advantage  in  having  a  glide  capability  is  the  ability  to  fly  the  cargo 
to  <i  desired  touchdown  point.  At  this  time  the  low-altivude  requirement  re¬ 
stricts  the  distance  of  forward  flight  to  a  minimum.  These  two  reasons  have 
eliminated  L/D  from  further  consideration. 

The  results  of  this  study  indicate  that  the  delivery  of  cargo  payloads  from 
i,  000  to  35,  000  lb  can  be  accomplished  without  exceeding  a  gross  weight  al¬ 
lowance  of  20  percent  for  rotor  system  weight.  A  majority  of  the  payloads 
can  be  delivered  at  a  weight  penalty  of  less  than  15  percent.  Payloads  greater 
than  8,  000  lb  must  descend  at  a  velocity  greater  than  the  required  22-fps  land¬ 
ing  speed  value.  To  meet  the  required  impact  value,  a  "flare"  maneuver  must 
be  performed.  During  the  flare,  the  blade's  angle  of  attack  is  increased  to 
produce  more  lift  and  then  the  cargo  is  decelerated  to  the  proper  impact  ve¬ 
locity.  Experimental  investigation  with  a  5 -ft  diameter  inflatable  model  was 
conducted  and  demonstrated  small-scale  functional  feasibility  of  flexible  ro¬ 
tors  for  vertical-descent  autorotative  applications. 

While  this  exploratory  study  provided  analytical  data  indicating  full-scale 
feasibility,  further  experimental  verification  clearly  is  required  to  prove  the 
validity  of  assumptions  made. 


aTM,  Goodyear  Aerospace  Corporation,  Akron,  Ohio.  Citation  of  the  regis¬ 
tered  trademark  BALLUTE  in  this  report  does  not  constitute  an  official  en¬ 
dorsement  or  approval  by  the  Government  of  the  BALLUTE. 
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Three  significant  factors  to  be  established  deal  with  (1)  the  transient  spin-up 
time  required  by  the  rotor  to  reach  its  steady  autorotative  state,  (2)  the  ef¬ 
fect  of  gyroscopic  motion  of  the  rotating  system.  Since  the  rotational  mo¬ 
tion  of  the  rotor  will  restrict  the  rate  of  change  of  its  flight  path  angle,  the 
possibility  exists  that  the  rate  of  cl  ange  of  the  cargo's  flight  path  angle  will 
be  greater  than  that  of  the  rotor  and  result  in  the  cargo  colliding  with  the 
rotor.  A  suitable  coupling  between  the  rotor  and  the  cargo  to  prohibit  the 
relative  motion  of  one  to  the  other  is  required,  and  (3)  the  motion  of  the  rotor 
after  the  cargo  has  made  impact.  While  the  rotor  is  more  likely  to  fall  away 
from  the  payload,  the  possibility  exists  that  the  rotor  will  descend  vertically 
and  fall  on  the  cargo. 

In  conclusion,  further  exploratory  design  and  verification  in  these  perform¬ 
ance  areas  is  needed  to  properly  assess  the  rotor  concept's  applicability  to 
meet  the  subject  application. 
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SECTION  I  -  INTRODUCTION 


The  primary  function  of  airdrop  in  the  Army  mission  is  surprise  assault  by 
mass  air  transport  of  men  and  equipment.  The  requirement  for  surprise 
dictates  minimum  reliance  on  drop  zone  improvement.  The  requirement  for 
mass  transport  demands  airdrop  system  reliability,  simplicity,  and  economy. 
The  ideal  airdrop  system  concept  could  be  defined  therefore,  as  that  concept 
which  realizes  the  advantages  of  low-altitude  airdrop  with  minimum  compro¬ 
mise  of  the  above  requirements. 

Low-altitude  airdrop  from  heights  under  500  ft  is  desirable  because  of  its  po¬ 
tential  for  improvement  in  drop  accuracy  and  in  reduction  of  aircraft  vulner¬ 
ability  to  hostile  action.  In  addition  to  replacing  the  present  1500 -ft  cargo 
drop  altitude,  the  requirement  to  investigate,  in  a  more  complete  manner,  a 
possible  improved  delivery  method  was  established.  A  more  complete  evalu¬ 
ation  consists  of  not  only  functional  feasibility  studies,  but  also  considering 
other  operating  suitability  characteristics  such  as  reliability,  environmental 
effects,  and  logistics.  Other  considerations  include  such  nonoperating  charac¬ 
teristics  as  cost,  maintenance,  training  requirements,  human  factors,  han¬ 
dling,  and  readiness  for  operation. 

The  preliminary  investigation  of  the  BALLUTE-flexible  rotor  has  been  di¬ 
rected  toward  a  system  design  compatible  with  the  requirements  for  a  low- 
altitude  airdrop  system  for  supplies  and  equipment  weighing  from  2000  to 
35,  000  lb.  The  designation  of  low  altitude  for  the  airdrop  mission  stipulates 
a  drop  initiation  point  relative  to  the  ground  of  500  ft  or  less.  As  indicated, 
the  concept  is  comprised  of  two  basic  components  designed  to  fulfill  their  re¬ 
spective  requirements.  The  BALLUTE  extraction  system  will  produce  a 
maximum  extraction  force  of  1 . 5  g's  at  aircraft  velocities  of  110  to  150  knots, 
at  altitudes  relative  to  sea  level  up  to  5500  ft.  The  rotor  system  has  been  de¬ 
signed  to  satisfy  a  sea  level  vertical  impact  velocity  of  22  fps. 

Experimental  investigations  have  demonstrated  the  feasibility  of  inflatable 
fabric  rotors  for  autorotative  applications.  In  addition  to  the  packaging  capa¬ 
bility,  the  inflatable  rotor  offers  the  ability  to  change  rotational  energy  through 
a  flare  maneuver  into  a  form  that  will  reduce  the  impact  velocity  to  a  value 
lower  than  that  experienced  at  steady-state  terminal  descent  conditions.  The 
intent  of  this  study  has  been  to  establish  design  criteria  that  would  provide 
projected  weight  and  anticipated  system  operating  characteristics. 

Evaluation  of  the  concept  to  utilize  an  autorotating  decelerator  for  the  low- 
altitude  delivery  of  military  cargo  was  performed  for  both  the  functional  and 
operational  aspects  of  the  system.  The  objectives  of  the  functional  analysis 
were  to  determine  the  performance  characteristics  and  to  evaluate  the  con¬ 
ceptual  design.  Operational  considerations  were  used  to  establish  the  rea¬ 
sonable  and  acceptable  extremes  as  applied  to  this  specific  mission.  Relia¬ 
bility,  ground  handling,  and  maintenance  then  were  considered  for  the  re¬ 
maining  operating  regime. 


SECTION  II  -  SYSTEMS  DESIGN  AND  FUNCTIONAL  ANALYSIS 


GENERAL 

The  exploratory  development  of  the  inflatable  rotor  system  for  the  air¬ 
drop  mission  was  performed  in  a  series  of  discrete  steps.  As  with  any 
development  program,  a  definition  of  the  system  concept  and  the  function 
of  various  components  has  been  established  and  can  be  found  in  Item  2. 
After  formulating  the  conceptual  design,  it  was  necessary  to  establish 
size  criteria  based  on  state-of-the-art  performance  data.  These  data  are 
presented  in  Item  3.  The  detailed  design  analysis  of  the  various  system 
components  then  was  performed  to  establish  projected  weight  informa¬ 
tion  and  limitations  that  might  restrict  the  use  of  the  system  for  this 
application. 

Final  weight  and  size  determination  evaluation  can  be  found  in  Item  4. 

CONCEPTUAL  DESIGN 

Evaluation 

Presented  in  other  sections  of  this  document  are  the  various  theoretical 
performance  characteristics  that  can  be  obtained  with  a  BALLUTE  and  a 
rotating  decelerator.  The  practical  limitations  of  the  concept  for  this 
application  are  dictated  by  the  personnel  responsible  for  the  handling  and 
preparation  of  the  systems.  In  order  to  evaluate  the  concept,  therefore, 
the  system  and  the  requirements  for  preparing  it  prior  to  the  airdrop 
operation  must  be  described. 

Deployment  Sequence 

The  deployment  sequence  selected  as  the  most  applicable  for  this  initial 
study  is  presented  in  Figure  1.  The  deployment  sequence  is  initiated  by 
the  release  of  a  small  pilot  chute  from  its  attachment  point  on  the  ceiling 
of  the  aircraft  cargo  compartment.  Upon  release,  the  chute  pack  falls 
through  the  doorway  and  into  the  airstream.  Once  in  the  air,  aerody¬ 
namic  forces  remove  the  bag  from  the  chute,  thus  allowing  the  chute  to 
inflate . 

The  chute  then  extracts  a  package  that  contains  the  BALLUTE  and  rotor 
system.  This  package  moves  rearward,  out  the  door,  and  into  the  air- 
stream  . 

As  this  package  reaches  the  end  of  the  riser  line  attached  to  the  cargo, 
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a  lanyard  becomes  tight  and  pulls  a  pin  from  a  time -delay,  reefing -line 
type  cutter  located  at  the  front  of  the  blade  deployment  bag.  Then  the 
riser  becomes  tight  from  the  pull  of  the  pilot  chute;  the  drag  force  is 
concentrated  on  the  BALLUTE  deployment  bag.  The  appropriate  re¬ 
straints  between  the  BALLUTE  deployment  bag  separates  and  deploys 
the  BALLUTE.  As  soon  as  the  BALLUTE  is  in  the  airstream,  inflation 
begins.  When  full  inflation  is  approached,  rotation  begins  and  within  a 
predetermined  amount  of  time  the  system  is  at  the  maximum  rotational 
velocity.  When  the  required  1.  5-g  extraction  force  is  obtained,  the 
cargo  begins  to  move  out  of  the  aircraft. 

As  the  cargo  is  moving  through  the  aircraft,  the  BALLUTE  reaches  its 
maximum  rotational  velocity  and  the  previously  initiated  rotor  bag  re¬ 
lease  cutter  fires,  starting  blade  deployment.  As  the  deployment  of  the 
blades  begins,  the  cargo  is  passing  across  the  door,  and  the  static  line 
releases  the  extraction  force  from  the  extraction  attachment  point  on 
the  platform.  The  actual  load  on  the  riser  at  this  time  is  relatively  small, 
resulting  from  the  release  of  the  BALLUTE  for  blade  deployment. 

When  the  deployment  bag  and  rotor  hub  are  at  a  predetermined  separa¬ 
tion  distance,  a  lanyard  connected  to  the  initiator  pin  of  the  pyrotechnic 
manifold  release  valve  is  pulled.  As  the  pin  is  removed,  the  pyrotechnic 
charge  fires  and  severs  a  diaphragm  located  in  the  manifold  assembly. 

The  air  in  the  storage  bottles  then  is  released  into  the  blades. 

During  the  time  that  the  blades  are  being  deployed  and  inflated,  the  car¬ 
go  leaves  the  door  and  undergoes  a  free -flight  condition  until  the  blades 
are  completely  deployed.  As  the  deployment  bag  leaves  the  bladetips, 
the  rotational  energy  induced  by  the  rotating  BALLUTE  takes  over  and 
the  centrifugal  force  generated  throws  the  blade  tips  outward.  The  com¬ 
bination  of  this  initial  torque  and  aerodynamic  forces  accelerate  the 
blades  to  their  steady-state  autorotating  condition.  The  accelerating 
force  on  the  blades  reduces  the  system  velocity  to  an  intermediate  or 
terminal  descent  velocity. 

Prior  to  ground  impact  of  the  descending  system,  a  flare  maneuver,  if 
required,  is  initiated  to  further  decrease  the  descent  velocity.  Flare 
would  be  initiated  by  a  ground-sensing  probe;  the  exact  location  and  at¬ 
tachment  would  be  determined  during  a  development  program.  When  the 
probe  would  touch  the  ground,  a  signal  would  be  transmitted  to  the  rotor 
blade  tips  and  an  appropriate  cutter  device  would  be  activated  to  release 
restraint  at  the  blade  tips,  allowing  a  change  in  the  angle  of  the  attack, 
a .  The  airdrop  item  then  would  impact  at  ZZ  fps. 

Eliminating  the  flare  maneuver  was  another  recovery  method  considered. 
This  could  be  accomplished  with  larger  rotor  blades  (relative  to  a  given 
payload  weight)  to  lower  the  design  terminal  velocity  of  the  descending 
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systpm  to  the  required  22  fps  minimum,  The  advantage  would  be  one 
less  sequencing  stage  and  less  iiesign  complexity,  The  original  purpose 
of  the  flare  maneuver  was  to  reduce  the  blade  nine  and  hence  the  weight. 
.Subsequent  weight  studies  of  payloads  greater  than  8000  lb  indicated  a 
significant  weight  saving  by  using  a  flare  maneuver,  Studies  for  p.y* 
load  weights  between  2000  and  8000  lb  indicated  the  flare  system  u  eight 
saving  of  only  about  two  percent  and  hence  justifies  utilising  the  system 
without  flare  to  deliver  the  smaller  payloads  because  of  (ta  simplicity, 

The  changes  thAt  were  made  in  the  present  parachute  system  include  re* 
placing  the  parachute  extraction  device  with  a  BALLUTE  and  the  main 
parachutes  with  a  rotor  blade  system.  One  feature  of  this  system  not 
used  with  most  existing  systems  is  the  requirement  for  a  small  pilot 
chute  to  deploy  the  BALLUTE, 

Presented  in  Table  I  are  the  anticipated  times  that  will  bo  experienced 
during  the  drop  operation.  The  values  are  relative  to  the  release  of  the 
pilot  chute,  The  values  are  reasonable  approximations  of  the  values 
that  would  be  necessary  for  successful  operation  of  the  system  as  applied 
to  the  low ‘altitude  mission, 


TABLE  I  -  ANTICIPATED  TIMING  OF  EVENTS 


Event 

Time  (sec) 

Initiation  of  command  signal  < 3 -ft  pilot 
drogue  released  from  aircraft  ceiling) 

0 

Three -foot  drogue  reaches  "line  -stretch  " 
and  begins  to  extract  rotor  package 

0.  4 

BALLUTE  rotor  package  reaches  "line- 
stretch" 

0.6 

Drogue  chute  strips  off  bag  and  BALLUTE 
reaches  full  inflation  (cargo  leaves  door) 

1.4 

Blades  completely  deployed  and  inflated 

2.4 

Blades  at  steady -state  conditions 

8.4 

Further  description  of  the  BALLUTE  and  rotor  are  given  in  Items  3  and 
4, 

1  c,  BALLUTE  Description 

•  a 

In  general,  a  BALLUTE  is  a  woven-fabric  ram -air -inflated  pressure 


-9- 


SECTION  11  •  SYSTEMS  DESIGN  AND  FUNCTIONAL  ANALYSIS 


venae)  of  UntcnNoUl  design,  The  basic  principle  underlying  tho  operation 
of  the  BALLUTE  i m  th.it  the  ram -air  inlot  oriented  into  the  airflow  allow* 
internal  presauriaation  of  the  body  to  a  level  equal  to  tho  aum  of  the 
dynamic  and  ambient  pressure*  of  the  flow.  Thin  internal  pressure  act* 
ing  normal  to  the  membrane  ta  alwaya  greater  than  a  combination  of  the 
external  ambient  preaxure  and  the  dynumic  force*  that  act  externally  and 
obliquely  on  the  membrane.  The  inflated  xhnpe  determine*  tho  effoctivity 
of  the  BALLUTE  a*  a  «table  drag  device,  Preaontod  in  Figuro  i  i*  a 
picture  of  a  presently  developed  BALLUTE,  The  inflated  structure  i* 
primarily  pear*shaped  except  for  the  large  circumferential  burble  "fence" 
at,  or  just  aft  of,  the  maximum  diameter.  Ram  air  enter*  through  a 
series  of  symmetrically  located  side  inlet*  nr  through  a  Mingle  large  nose 
inlet,  The  fence  i*  inflated  through  numerous  small  port*  located  around 
the  decelerator  proper  and  beneath  the  envelope  of  the  fabric  fence.  The 
inflated  height  of  the  fence  is  up  to  10  percent  of  the  maximum  inflated 
diameter  of  the  model. 

For  application  to  this  program,  a  modification  will  be  incorporated  into 
the  burble  fence  so  that  the  BALLUTE  will  spin.  Figure  1  show*  a  spin¬ 
ning  BALLUTE  in  free  fall.  This  demonstration  model  show*  the  sog* 
mented  burble  fence  thnt  imparts  the  spin.  Because  this  BALLUTE  is 
stable,  the  canted  segments  are  maintained  at  a  constant  angle  of  attack. 
Since  each  segment  has  a  constant  lift -to -drag  ratio,  the  spin  rate  will 
be  directly  proportional  to  velocity  of  the  air  impinging  on  the  BALLUTE. 
The  resultant  rotational  energy  will  be  transferred  to  the  rotor  package 
through  a  geodesically  arranged  attachment  riser.  A  representation  of 
this  method  can  be  found  in  Figure  1. 

At  this  time  a  parachute  type  device  has  been  excluded  from  evaluation 
due  to  certain  advantages  of  the  BALLUTE.  Its  stability  in  an  aircraft's 
wake  while  closely  coupled  is  of  major  importance.  This  stability  also 
is  Important  to  the  anticipated  deployment  sequence  described  in  this 
section.  Experience  has  shown  that  the  BALLUTE  opening  shock  can  be 
minimised  with  proper  design  to  achieve  a  gradual  drag  buildup  to  a 
maximum  at  full  inflation,  Gradual  drag  buildup  minimizes  shock  loads 
to  the  aircraft. 

In  addition  to  providing  the  required  drag  for  extraction,  the  addition  of 
vanes  to  the  periphery  of  the  BALLUTE  makes  it  capable  of  autorotating 
so  that  the  proper  rotation  energy  is  obtained  to  spin  the  packed  rotor 
blades  for  their  subsequent  deployment.  Because  of  the  low -altitude 
requirement,  the  transient  spin-up  deployment  time  clearly  must  be 
minimized.  Here  again  the  BALLUTE's  performance  capability  appears 
to  be  superior  to  a  spinning  parachute  because  it  not  only  is  capable  of 
producing  larger  magnitudes  of  torque,  but  also  develops  this  torque  in 
a  more  repeatable  manner.  Forecasting  higher  torque  values  is  based 
upon  the  fact  that  both  the  vanes  and  the  basic  BALLUTE  envelope  struc¬ 
ture  are  nonporous.  This  results  first  in  higher  aerodynamic  pressure 
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Figure  2  -  Conventional  BALLUTE  Configuration 
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coupling  forces  being  developed.  Second,  more  repeatable  performance 
is  achieved  because  of  the  inherent  "shape 'retention"  qualities  that  stem 
from  the  isotensoid  designed  geometry  and  the  nonporous  material. 

These  two  characteristics  result  in  the  device  acting  as  a  closed -pressure 
vessel,  which  in  turn  provides  the  shape  retention  of  a  nearly  rigid- 
based  structure. 


Size  and  weight  analyses  are  contained  in  Items  3  and  4,  respectively, 
d.  Rotor  Description 

Design  drawings  were  prepared  that  illustrate  the  various  components  of 
the  rotor  system.  Two  designs  -  one  with  the  flare  maneuver  and  one 
without  -  were  examined,  and  the  configuration  differences  of  each  were 
determined.  Figures  4  and  5  present  the  anticipated  design  for  vertical 
descent  without  flare  (Configuration  I)  and  that  with  flare  (Configuration 
II),  respectively.  If  it  is  assumed  that  both  configurations  have  the  same 
diameter,  then  with  the  increased  disk  loading  to  be  experienced  with 
Configuration  II  (higher  terminal  descent  velocity),  the  hub  and  blade 
will  require  more  structural  strength  to  carry  the  larger  loads.  In 
general,  the  system  is  comprised  of  the  blades,  the  air  storage  bottles, 
hub,  bearing  clevis  attachment  eye,  pyrotechnic  manifold  release  valve, 
and  tubing  required  to  transfer  the  air  from  the  storage  bottles  through 
the  manifold  into  the  blades. 


The  represented  system  contains  four  blades.  The  reasons  for  this  are: 


1. 


2. 


3. 

4. 


To  eliminate  undesirable  vibratory  problems  experienced 
with  a  two-bladed  system  ^ 


From  Reference  2,  more  efficient  performance  will  be 
experienced  with  four  blades  for  a  10-percent  solidity 


For  a  given  diameter,  air  storage  bottle  size  decreases 
with  an  increase  in  the  number  of  blades,  thus  decreas¬ 
ing  the  system  weight 

If  damage  to  one  blade  would  be  experienced  during 
descent,  the  more  remaining  blades  there  are,  the 
better  the  possibility  of  delivering  the  load  undamaged 


A  detail  of  the  blade  cross  section  is  shown  to  indicate  the  contour  ob¬ 
tained  with  the  AIRMATa  structure.  The  additional  plies  of  material  at 
the  blade's  leading  edge  are  required  to  ensure  that  the  mass  axis  and 
aerodynamic  center  are  ahead  of  the  forward  quarter  chord. 


aTM,  Goodyear  Aerospace  Corporation,  Akron,  Ohio,  Citation  of  the  regis 
tered  trademark  AIRMAT  in  this  report  does  not  constitute  an  official  en¬ 
dorsement  or  approval  by  the  Government  of  AIRMAT  material. 
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The  leading  edge  must  be  strengthened  if  the  blade  is  to  be  aerodynam- 
ically  stable.  The  detail  of  the  hub  assembly  is  shown  for  both  Con¬ 
figurations  I  and  II.  A  comparison  of  the  two  hubs  will  indicate  that  the 
hub  for  Configuration  II  contains  a  larger  bearing  and  thicker  structure 
for  the  spider  and  root  attachment  fittings.  The  reason  for  this  is  due 
to  an  increase  in  disk  loading,  which  results  in  an  increase  in  tip  veloc¬ 
ity.  The  increase  in  tip  velocity  results  further  in  an  increase  in  centri¬ 
fugal  forces,  and  thus  an  increase  in  the  amount  of  material  required  to 
carry  the  load.  With  the  increased  disk  loading,  the  payload  weight  will 
also  increase;  thus  the  requirement  for  larger  bearing. 

The  air  storage  bottles  required  for  inflation  are  located  at  the  blade 
roots  (the  point  where  the  blade  attaches  to  the  hub).  Tubing  is  attached 
from  each  bottle  to  the  centrally  located  manifold  valve.  A  second  duct 
of  tubing  connects  the  manifold  to  the  blade.  Although  not  shown  in  de¬ 
tail,  a  diaphragm  is  located  inside  this  manifold  between  the  inlet  ports 
from  the  bottles  and  the  outlet  ports  to  the  blades;  a  pyrotechnic  charge 
punctures  the  diaphragm.  The  charge  is  initiated  by  extracting  a  firing 
pin  with  a  lanyard  attached  to  the  blade  pack.  A  quick-disconnect  on  one 
of  the  pressure  bottle  tubes  is  provided  as  a  means  of  pressurizing  the 
storage  bottles. 

To  provide  a  bearing  surface  at  the  blade -root  pivot,  a  split  teflon  collar 
is  installed  over  the  pressure  bottle.  The  required  amount  of  fabric  then 
is  wrapped  around  the  teflon  sleeve  and  attached  to  the  upper  and  lower 
surfaces  of  a  blade.  The  ends  of  the  bottles  also  are  designed  to  be  the 
attachment  points  to  the  hub  spider.  This  allows  interchangeability  of 
the  blades  if  damage  should  result  during  use. 

A  feature  required  for  Configuration  II  is  the  daisy  chain  arrangement 
at  the  blade  tip.  This  restraint  forces  a  predetermined  amount  of  camber 
into  the  blade  tip,  so  that  when  severed  by  a  pyrotechnic  cutter,  the  aero¬ 
dynamic  forces  acting  on  the  blade  force  it  to  a  new  increased  angle  of 
attack,  initiating  the  flare  maneuver.  The  ground  proximity  device  re¬ 
quired  to  initiate  the  flare  is  not  shown  on  the  drawing  of  Configuration 
II. 


The  method  used  in  determining  rotor  sizes  is  contained  in  Item  3.  The 
structural  analysis  required  for  weight  determination  is  contained  in 
Item  4. 

3.  FUNCTIONAL  PERFORMANCE 
a.  BALLUTE  Size  Determination 


The  method  used  in  establishing  the  various  BALLUTE  diameters  re¬ 
quired  to  develop  the  1.5  -g  force  is  covered  in  this  section.  The  gen 
eralized  equation  used  is 
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where 


•  'I  SA 


I 


(U 


•  l,H  *  W  a  extra*  turn  lor*e 

W  i  extracted  load 
H  •  1.4  P  Vj*1 

V|  •  initial  deployment  velocity 


drag  coefficient  relative  in  A 


f(CV“ 

A  •  "  ■  BA ELUTE  area  where  D ^  U 

the  diameter  of  the  basic  envelope  At  It* 
maximum  section, 


From  the  statement  of  work,  extraction  velocity  will  be  from  1 10  to  ISO 
knot*  At  Altitude*  from  SQQ  to  SSOO  ft  above  *ea  level,  Taking  a  nominal 
average  value  for  design  purpose*  of  ISO  knots,  the  dynamic  pressure,  q, 
was  calculated,  The  density,  p ,  used  in  determining  q  was  that  density 
experienced  at  SQQ  ft  above  sea  level,  With  a  lower  density  of  air  to  be 
encountered  at  SSOQ  ft  above  sea  level,  the  extraction  force  would  be  re¬ 
duced  to  1,49  g's,  This  difference  in  g  load  is  a  function  of  the  ratio  of 
the  air  densities  at  the  two  altitudes;  p  at  SQQ  ft  *  Q.Q04H  slugs/cu  ft, 
and  at  SS00  ft,  i»  a  0,00401  slugs/ruft,  According  to  Chernewit*  and 
PeWeese,  *  a  minimum  extraction  force  of  I  g  is  required  to  prevent  top¬ 
pling  and  instability  of  the  cargo  as  it  leaves  the  door,  Since  the  mini¬ 
mum  is  met  at  1100  ft,  the  extraction  device  is  designed  for  l,S  g's  at 
S00  ft.  For  preliminary  design,  a  Cp  of  0,8  is  used  which  is  practical 

for  a  mmrotating  BALIA'TE.  Experience  indicates  that  a  significant  in¬ 
crease  in  Cq  will  be  encountered  for  a  rotating  configuration.  Pre¬ 
sented  In  Tab?,,  II  are  BALLUTE  diameters  for  various  extracted  loads 
with  the  diameters  being  rounded  to  the  nearest  foot, 


b,  Rotor  Sise  Criteria 


The  performance  characteristics  of  an  autorotating  rotary  wing  deeeler- 
ator  have  been  established  through  years  of  extensive  testing  and  analyti¬ 
cal  efforts,  The  results  have  formulated  certain  relationships  betweendes- 
cent  velocity,  Vp,  blade  solidity,  <r,  pitch  angle,  0,  and  blade  tip  velocity, 
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IMisI  a  :  respective  mllutk  diameters 
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Load  item 

Load,  W 

m 

Diameter,  Dp 
(If) 

1 

4,000 

4 

4 

4,  000 

14 

1 

H,  000 

14 

4 

1 4,  500 

44 

5 

17,000 

4M 

6 

41,  500 

10 

7 

46,000 

11 

8 

10, 500 

15 

4 

15,  000 

40 

'l|»l 


Ths  relationship  between  the  advance  ratio,  A  ,  (ratio  of  vertical 


descent  velocity,  Vp,  anti  tip  velocity,  VT)  And  rotor  drag  coefficient, 
Cqr,  1«  the  mo«t  pertinent  for  preliminary  rotor  design.  Referring  to 
the  Cdr  versus  A  curve  in  Figure  6,  the  maximum  conservative  value 
of  Cp^  that  can  be  employed  is  I,  IS  at  a  A  of  0,  OHS  for  a  a  •  0,  10, 

By  definition 


m  Blade  area  m  NbR 
Rotor  disk  area 


U) 


From  Figure  6  for  solidities  greater  than  10  percent,  a  small  increase 
in  Cp^  would  be  experienced,  This  sm.'ll  increase  would  not  compensate 

for  the  large  increase  in  blade  weight  for  a  larger  a  . 

By  definition,  disk  loading,  Wp,  is 

WD-T'CCr  O.ipV^  ,  (J| 

where  p  is  air  density  in  slugs/cu  ft, 
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Figure  6  -  Rotor  Drag  Coefficient  versus  Advance  Ratio 


For  sea  level  condition*  and  ■  I.  1H, 


W0  •  0,  0016  VD‘*  ,  (4) 

Presented  in  Figure  7  t at  the  performance  curve  or  updating  regime  of 
«n  autorotating  rotor  system  based  on  Equation  4.  From  Chi «  plot  for  the 
requirement  of  22  fp*  impact  velocity,  a  disk  loading  of  0.  8  psf  (n  stipu¬ 
lated,  The  corresponding  tip  velocity  is  260  fp*  for  A  ■  0,084,  From 
the  definition  of  diak  loading  W/»R“,  the  range  of  rotor  radii  required 
for  the  range  of  2000  to  14,  000  *lb  payload  weights  can  be  genurated, 
Presented  in  Table  111  are  the  rotor  diameters  for  nine  load  items,  Thu 
range  of  loads  have  been  chosen  arbitrarily  and  approximate  an  increase 
of  one  Q*1  IA  type  parachute  per  stop,  The  values  are  established  for 
the  disk  loading  of  0,  8  psf, 


TABLE  Ill  *  RESPECTIVE  ROTOR  DIAMETERS  (NO  FLARE! 


Load 

Item 

Gross  weight,  W 
(lb) 

Rotor 

diameter 

(ft) 

1 

2,000 

60 

2 

4,000 

80 

3 

8,  000 

1  10 

4 

12, 400 

140 

5 

17,  000 

160 

6 

21, 500 

180 

7 

26, 000 

200 

8 

30, 500 

220 

9 

35,  000 

240 

The  effect  of  increased  disk  loading  on  blade  diumeter  can  * .*•  teen  in 
Figure  8. 

From  the  analysis  in  Item  4,  below,  a  considerable  weight  savings  in 
the  rotor  system  for  payload  weights  greater  than  8000  lb  will  be  experi¬ 
enced  for  disk  loadings  greater  than  0,8  psf.  Because  of  the  design 
parameters  effect  of  increasing  disk  loading  to  minimise  the  system 
weight,  the  performance  of  the  system  at  disk  loadings  greater  than  0.  8 
psf  were  evaluated. 


Figure  8  -  Gross  Weight  versus  Blade  Radius  at  Selected  Disk  Loadings 
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The  upper  limit  on  disk  loading  is  dictated  by  rotor  tip  velocity.  Mans - 
field*-  indicates  n  maximum  operating  limit  of  600  fps  for  tip  velocity, 
while  the  experimental  efforts  of  Goodale  and  Boryda®  show  a  possibility 
of  approaching  blade  tip  velocities  of  900  fps  without  experiencing  ad¬ 
verse  high  subsonic  speed  compressibility  effects.  Point  mass  computer 
runs  were  made  to  determine  the  trajectories  for  the  limiting  cases  of 
Vj-j  ■  22  fps,  VT  a  600  fps,  and  VT  ■  900  fps. 

The  following  assumptions  were  used  for  the  trajectory  analysis  in  this 
report: 

1.  Time  zero  is  when  the  cargo  leaves  the  door 

2.  Deployment  velocity  at  t  *  0.  0  is  220  fps  (130  knots)  and 
at  an  altitude  of  500  ft  above  sea  level 

3.  The  drag  force  of  the  rotor  does  not  begin  until  one  sec¬ 
ond  (t  »  1.0)  after  the  cargo  leaves  the  door 

4.  The  drag  area  (Cq^  Ar)  increases  linearly  with  time 
from  zero  to  its  maximum  value 

5.  The  transient  spin-uptime  (drag  area  increase)  is  six 
seconds.  This  value  was  established  from  preliminary 
work  performed  by  Mansfield2 

The  results  of  this  analysis  are  only  approximations  and  are  presented 
to  indicate  the  trend  of  the  effect  of  high  descent  velocities.  The  results 
of  the  analysis  are  presented  in  Figures  9,  10,  and  11  for  altitude  versus 
time,  altitude  versus  range,  and  acceleration  versus  time,  respectively. 

These  plots  clearly  indicate  that  terminal  descent  velocity  has  a  signifi¬ 
cant  effect  on  system  performance.  The  most  pertinent  is  that  of  descent 
time.  This  is  reflected  in  Figure  9.  Since  smaller  diameters  are  re¬ 
quired  for  the  higher  disk  loadings,  the  g  load  on  the  cargo  during  the 
deceleration  period  decreases.  The  magnitude  and  time  of  occurrence 
can  be  seen  in  Figure  11.  The  decrease  in  deceleration  force  also  has 
a  significant  effect  on  the  ground  distance  (range)  covered  during  descent. 
This  effect  can  be  seen  in  Figure  10. 

The  trajectories  that  will  be  experienced  for  the  final  disk  loadings 
established  in  Item  4,  below,  will  be  in  the  regime  between  Vn  =  22  fps 
and  V^,  =  600  fps.  D 

4.  STRUCTURAL  DESIGN  ANALYSIS 
a_.  BALLUTE  Weight  Determination 

The  principal  components  of  the  BALLUTE  include  fabric  coverings,  the 
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Figure  10  -  Altitude  versus  Range 
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Figure  11  -  Acceleration  versus  Time 
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meridional  webs,  and  the  elastomeric  coating.  The  fabric  covering  is  a 
high-strength  material  that  forms  the  envelope  of  the  structure.  The 
meridional  webs  help  to  support  the  load  by  continuing  around  the  struc¬ 
ture  and  passing  through  the  apex  at  the  back.  The  webs  may  terminate 
on  a  nose  fixture  at  the  front  of  the  model,  or  they  may  extend  out  to  be¬ 
come  the  suspension  lines.  The  coating  applied  to  the  envelope  makes  it 
nonporous  and  helps  to  provide  protection  for  the  fabric  structure. 


The  weight  of  a  BALLUTE,  W„,  is  the  sum  of  the  weight  of  its  components. 
Therefore , 


W 


B  " 


Wf  + 


w 


m 


+  W, 


(5) 


where 


=  fabric  weight 

W  =  meridian  wp; ght 
m  ’ 

W^.  *  coating  weight  . 


The  weight  then  becomes 


W 


B 


=  -J—r - +HLTj£tFl_l  c.f.)  , 

i  rn 


(6) 


where 


=  surface  area  of  decelerator  (sq  ft) 

fj.  =  design  stress  due  to  the  design  inflation  pressure 
and  the  decelerator  radius 

Dj.  =  total  fabric  design  factor,  which  is  the  product  of 
safety  factor,  dynamic  loading,  seam  efficiency, 
temperature,  etc 

=  envelope  fabric  strength -to -weight  ratio  (in.) 

H  =  number  of  meridians  (webs) 

L  =  length  of  each  meridian  (ft) 
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T  ■  meridian  >lr> « t  gti  to  nit  ton  load  (lit) 

D,  F,  '  ■  tout  meridian  deitlgn  factor 

Km  *  meridian  strength  -to -weight  rni f «« (in. ) 

C,  F,  ■  unit  coating  weight  (weight  ,  area  )  , 

Equation  6  use*  a  aafeiy  lactor  of  two  anti  doe*  not  include  tho  wot ylit  or 
the  burbio  fence  op  the  rl*er  iino.  The  meridian  length  and  fabric  area 
are  approximately  2ffRB  and  4«RB'%  respectively,  Kora  10-percent 

fence,  the  fabric  weight  ia  increased  by  approximately  ,10  percent, 

Table  IV  present*  BALLUi'K  weight  for  the  various  required  diameter* 
and  ia  baaed  on  the  proceeding  analyaia  for  deployment  q  <  it,  (i  pal 
(deployment  at  500  ft  and  150  knots),  BAL1.UTE  stowage -volume  re¬ 
quirement*  are  dependent  on  its  weight  and  packing  density,  Typical 
packing -density  values  range  from  20  to  ,10  pcf  for  handpack  and  10  to  40 
pcf  for  a  presaure  j.uh, 


TABLE  IV  -  RESPECTIVE  BALLOTS  WEIGHTS 


Item 

. 

1 

Load,  W 
(lb) 

BALLUTE 

diameter 

(ft) 

Weight,  WB 
Ob) 

> 

(percent) 

1 

—*i— 

0 

5 

0,25 

2 

WuBm 

14 

16 

0,40 

3 

19 

36 

0,45 

4 

WBm 

22 

53 

0,42 

5 

28 

100 

0,  5*> 

6 

21,500 

30 

120 

0.  56 

7 

26,000 

33 

155 

0,  59 

8 

30,  500 

35 

180 

•\  59 

9 

35,  000 

40 

1 

1 

o 

Ift 

0.  72 
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I* t  It •. «» P  height  I  H»ic  I1  OUnat  luh 
(I)  Oenernl 

^  **!*•*  * »  •  «**  *»r  blade*  are  made  from  MUM\I,  to  inlUtahle  type  matoilal. 

I  lo>  MUM  VI  (.lltl’l*  hl.ute  h,t*  |\\it  Itlllrl’  »  <t  I  I  •«  »  »*  >•  ,<(  |  .|  til'  I  •  ItOolc  hl'V* 
tight  l»\  to  •  la*tomor  fttiiioj,  When  the  AiltMVI  »trn«tnro  i»  inflated,  ii 
.auiOB  the  predetermined  «%i rfui l  nhape  entahltnhed  l»y  the  length  oi  the 
drop  thread*,  it*  ahown  in  Figure  U,  I  In,  rotor  t»| .»«!»>  t*  completed  by 
addition  or  idle*  oj  ytirti  fabric  {unidirev itonal  strength  fabric)  at  the  lead* 
Ing  edge,  rhe»e  idle*  Are  arrange*!  to  properly  ponition  the  ntAm  a*ia 
and  elaatic  «m«  ahead  of  the  quarter  chord  (or  Hotter  nubility.  In  addi* 
tun  thin  material  provide*  nufficiohl  alrenglh  to  reai*l  centrifugal  tureen 
reuniting  front  tip  and  blade  weight*, 

I’he  alrnvtural  design  of  the  rotor  nyntem  ta  comprised  of  the  dentgn  of 
the  varto'ii  tndtvidoal  component*,  The  rotor  ay atem  weight,  Wo,  la 
equal  to  the  nomination  of  the  weight*  of  the  fabric  bladen,  Wg  ,  the  tip 

weight,  U,  the  air  ntorage  bottle  weight,  WpM,  and  the  hob  weight,  WNI)F|t 
In  equation  form,  thin  ta;  Hun 


Figure  \Z  -  Typical  AIRMAT  Airfoil  Section 
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a»a; npN  n  nymit.m  im«h;N  ANb  kunci  ionai,  anai.ynin 

■.  «i- t«v*s=g;ife4«»*ss  =sfc^ -  *s*  i  * 


Evaluation  of  each  or  these  term*  i«  performed  to  the  billowing  portion* 

Ml  tilt*  MeVtlMIt, 


(1)  IMatle  Weight  Analyst* 

(a)  Tout  Weight 

The  total  weight  of  the  blade  portion  of  (he  rotor  system  mi 
WNT  ’  WWP  '  WAIU  *  WC  *  WUK  • 


(*) 


where 


*  weight  of  (he  AIRMAT  required  fur  pressure  ((h) 


WAIR  *  wc>t8ht  of  Air  in  the  blade  (lb) 


W«  «  weight  of  elastomer  coating  required  to 
eliminate  the  porosity  in  the  material  (lb) 

W,  »  «  weight  of  material  required  for  maea  balance 
ahead  of  forward  quarter  chord  (tb) 

(b)  Rlade  Weight  a*  Preasure  Veeeel 

Coetakoa^  shows  the  minimum  weight  of  a  flat  AIRMAT  pressure  vessel 
to  be 


M.N  .  JPVFAFS 

*A  — 1  "  I  (9) 

where 

p  ■  internal  prossuro  (p*i) 

■  volume  of  flat  AIRMAT  (cu  ft) 

FS  »  factor  of  safety,  and 

K  *  atrength -to -weight  ratio  of  face  and  drop  yarns  (in.) 

The  fiat  AIRMAT  has  two  outer  surfaces  and  drop  yarns.  Generally,  the 
weights  of  o&rh  outer  surface  are  equal  and  the  drop-yarn  weight  is  oqual 
to  the  weight  of  one  surface.  The  factor  of  3  in  Equation  9  represents 
the  outer  surfaces  and  drop  yarns, 
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Equal um  9  cam  Itp  used  to  find  a  cottar  rvAtive  weight  for  the  airioil  blade 
l»y  us  i itg  the  volume  ol  a  (IaI  AIKMA  I  hUde,  Vj,>a,  with  tt  .«  same  chord 

And  depth  a*  the  Airfoil,  The  blade  ,  foot  section  in  ih«l  of  ,»  NAC'A  0012 

oll'fotl,  Mihe 

VKA  v  hhH,  (10) 

Substituting  0,  I2h  for  h  in  Equation  10  yields; 

VrA  *  0,  12  b^K,  (11) 

Equation  12  hr* low  then  give*  the  AIRMAT  weight  from  pressure  Alone; 


<'VFA> 


mm 


0,  to 


oU^R(FS) 


(U) 


Looping  AIRMAT  drop  yarns  over  yArn*  in  the  face  cloth*  inn  reduce 
drop-yarn  strength  by  as  much  ah  one  half,  Because  of  this,  the  weight 
of  fabric  must  be  increased  by  pV(FS)/K  This  discussion  assumes  the 
face  and  drop-yarn  materials  are  the  same,  Therefore,  to  account  for 
reduced  loop  strength  of  the  drop  yarns,  Equation  9  becomes 

VIV)  <>» 

min 


Simplifying  and  collecting  terms  yield 


W 


BP 


4pVFA(FS) 

- R - 


(14) 


Equation  14  should  be  used  instead  of  Equation  9  to  account  for  reduced 
loop  strength.  Equation  14  gives  the  structural  weight  without  elastomers. 
The  analysis  used  in  obtaining  Equation  14  showed  that  the  face -mate rial 
woight  is  60  percent  and  the  drop-yarn  weight  is  40  percent  of  the  total 
AIRMAT  weight,  The  coating  weight  required  is  explained  further  in 
Item  (e)  below. 

(c)  Blade  Weight  Calculations  -  Pressure  (Wgp) 

To  calculate  the  weight  of  the  blade  when  pressurized,  let 

VFA  .  0.12b2R 
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i-  s  -  4 

l<  *  i  X  It)6  in. 


Than  Equation  14  become# 

Wft|i  *  14,  4  K  I0*6pl>4  K,  (I*) 

where  b  and  It  ary  in  fact  and  p  in  in  pound#  per  square  inch, 

The  chord  dimension  l#  found  by  using  the  solidity,  «t,  ah  10  percent  and 
the  number  of  blade#,  N,  in  Equation  2, 

Equation*  2  and  IS  yield 


W  .  (Ma*  x  ip"6)  R*P  . 

BP  Ni 


for  p  ■  1440  paf  ( 10  pal), 


_  (2.046  X  10'3)  R3 

wbp  53 


06) 


07) 


Table  V  presents  AIRMAT  weight,  W^p,  required  to  retain  a  pressure 

of  10  pai  for  respective  rotor  rAdiue,  R,  with  the  number  of  blades  being 
being  four  and  disk  loading  equal  to  0,8  psf. 

(d)  Weight  of  Air  in  the  Blade  (Wftir) 

The  volume  of  an  NACA  0012  airfoil  is 

VAF  ■  0.  082  b2R  .  (18) 


Air  density,  p,  at  standard  conditions  is  0,  07651  pcf.  The  weight  of  air 
in  one  blade  at  p  psf  is  given  by; 


W 


air 


PP 


09) 


Using  the  following  values 

=  14.7  psia  =  2116  psf 
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imtXLLLXJmJX  OF  DM1211  C’OMWNENTS  FOR 

VAUYINQ  ROTOR  HA  HU 


Hern 

Or  own 
w  night 
W 
(lb) 

Rotor 
radius, 
R 
( lb) 

AIRMAT 

weight, 

7r 

Wright 
of  air, 

l%\' 

Wright  uf 
mating, 

wc 

(lb) 

Wright  of 
loading 
rdgr, 

Wlk 

(lb) 

Total, 

weight, 

w 

Wfvr/W 

(percent) 

1 

4,000 

10 

lb 

1,8 

9,  6 

55 

82,5 

4.  12 

4 

4,  000 

40 

33 

16.8 

(9.  8 

139 

408,  6 

5.4 

3 

8,  000 

55 

85 

43, 0 

51,0 

358 

537.0 

6.6 

4 

14, 500 

70 

180 

90,0 

108,  0 

756 

1134,0 

9,  1 

5 

1  7.  000 

80 

265 

134. 0 

159,  0 

1 1  12 

1668.0 

9.8 

t> 

41, 500 

90 

375 

188,0 

445,0 

1576 

4364. 0 

11,0 

7 

4b,  000 

100 

540 

460,0 

314.0 

2184 

3276.0 

12.6 

8 

30, 500 

no 

680 

344.0 

398,  0 

2844 

4266.0 

13.  9 

9 

35, 000 

120 

900 

440.0 

540,0 

3760 

5640.0 

16.  I 

p  »  10  psig 
*  <14,  1  psia 
»  3556  p*fu 
p  b  0,  0765  1  pc£ 

and  substituting  Equation  18  mto  19  gives* 

w  .  =  (1.03  X  IQ-.3)  R3  ,  (20) 

dlr  N2 

Table  V  presents  the  weight  of  air,  W  ,  lor  reupective  rotor  radii  for 

W  alr 

four  blades  and  s  0.  8  psf, 

(e)  Weight  of  Coating  (Wj-,) 

The  weight  of  the  required  coating  equals  approximately  0.6  of  the  AIR- 
MAT  weight.  Coating  generally  equals  the  weight  of  the  parent  farbic , 
which  for  AIRMAT  surfaces  is  equal  to  0.6  of  the  total  weight.  Table  V 
presents  th  coating  weight  for  respective  radii. 
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(f)  MAMH  (W^) 

Because  the  aerodynamic  center  And  the  center  of  rmun  muat  coincide  if 
an  Airfoil  section  la  to  he  no rodynamically  stable  the  center  of  imaa  muat 
be  located  at  the  forward  chord  (one -fourth  of  the  chord  length  from  the 
leading  edge). 

The  weight  required  at  the  blade's  loading  edge  includes  tho  weight  >  f  the 
AIRMAT,  air.  and  coating.  To  this  weight,  material  muat  be  added  to 
bring  the  amount  to  (see  Figure  li). 

Generally,  the  added  material  is  tiro  cord  made  with  uniaxial  yarns 
placod  in  the  radial  direction  because  it  will  carry  only  centrifugal  loads. 

The  following  analysis  was  use<!  to  find  W,  _  baaud  on  the  mass  balance 
requirement, 

From  Figure  13 


Wj  »3W,, 


(21) 


where 


Figure  13  •  Airfoil  Center  of  Mass 
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'Twnp,Tw.ir,iwc  <22> 

Substituting  into  Equation  yields 

W 1  *  T  WDP  *  T  Wair  1  TWC'  <23> 

by  dot'inition 

WU5  1  Wl  •,TWUptTW.irtTWC>'  I2") 


Substituting  for  Wj  from  Equation  23  yields 

WLE  *  2  WBPt2W.,r  +  2  WC  l25> 

prerented  in  Table  V  is  £  for  respective  values  of  WRp,  W  i  ,  and 


(g)  Total  Blade  Weight  (WRT) 

The  total  blade  weight,  WRT,  was  established  by  substituting  respective 
values  of  WRp,  W^.,  and  into  Equation  8,  Presented  in 

Table  V  are  tho  values  for  W__. 

o  X 

(3)  Inflation  System  Weight  (WpR) 

Design  of  the  inflation  system  for  this  application  has  been  directed  to¬ 
ward  the  high-pressure  storage  bottle  type.  Although  other  types  of  sys¬ 
tems  exist;  for  example, cool  gas  generator,  hot  gas  generator,  and  ram 
air,  the  steel  bottle  system  has  been  selected  from  a  basis  of  cost  and 
complexity  tradeoff.  For  a  preliminary  estimate  of  the  weight  of  the  bot¬ 
tle  system,  the  following  method  was  used.  The  weight  of  a  pressure 
bottle  is  dependent  upon  the  energy  that  it  contains.  This  energy,  E.  is 
defined  as 


E  =  PV 


(26) 


where 


P  =  absolute  pressure  ( ps i ) 
V  =  volume  of  air.  (cu  ft) 
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The  volume  of  air  can  be  shown  to  bo 


V 


(27) 


where 


W 


air 


P  air 

Substituting  for  V  in 


=  weight  of  air 

=  density  of  the  air  at  the  pressure  p. 
Equation  26  yields 


E  = 


The  energy  at  the  storage  bottle  or  the  blade  to  give 


also 


E  =  3000  psia 


/  air  \  . 

\P  air  at  30oO  psx  I  ‘ 


E  =  24.  7  psia 


la  (pair  to^lO  psig) 


(28) 


(29) 


(30) 


From  Table  V  the  weight  of  air  required  to  inflate  four  blades  to  10  psig 
is  presented.  The  density  of  air  at  3000  psi  is  0,478  slugs  per  cu  ft.  The 
energy  term,  PV,  therefore  can  be  evaluated  for  various  blade  radii. 
Figure  14  presents  bottle  weight  versus  energy,  PV,  and  was  taken  from 
Figure  118  of  Reference  7  for  a  steel  bottle. 

Substituting  for  p  and  W  ^  for  one  blade  for  each  load  item  into  Equation 

30  will  resi  It  in  the  storage  energy  requirement.  The  resultant  bottle 
weight  per  blade  then  can  be  obtained  from  Figure  14,  at  each  energy 
level.  The  total  bottle  weight  with  four  blades  for  each  load  item  is  pre¬ 
sented  in  Table  VI  for  a  disk  loading  of  0.8  psf. 

(4)  Tip  Weight  Determination 

(a)  General 

The  calculation  of  tip  weight  has  been  left  as  the  last  step  of  the  design 
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TABLE  VI  -  PRESSURE  BOTTLE  AND  TIP  WEIGHT 


VALUES  (NO  FLARE) 


Load  item 

Gross  weight, 

W  (lb) 

Rotor  radius, 

R  (ft) 

V.? 

Q 

(lb) 

1 

30 

34 

42 

2 

■I 

40 

94 

120 

3 

■■ 

55 

256 

360 

4 

■1 

70 

488 

770 

5 

Ml 

80 

765 

1190 

6 

21,  500 

90 

1075 

1760 

7 

26, 000 

100 

1420 

2500 

8 

30,  500 

1  10 

1800 

3350 

9 

35,000 

120 

_ 1 

2170 

4300 

analysis  due  to  the  fact  that  it  is  a  dependent  variable  whose  magnitude 
is  determined  when  a  balance  of  forces  is  evaluated.  For  given  values  of 
lift,  blade  weight,  tip  speed,  and  coning  angle,  a  moment  through  the  axis 
of  rotation  gives  the  magnitude  of  the  tip  weight.  Based  on  the  following 
assumptions,  three  equations  or  statics  can  be  written  for  the  forces  act¬ 
ing  on  the  blade  shown  schematically  in  Figure  15. 


1.  A  blade  is  subjected  to  lift,  weight,  and  centrifugal 
forces  distributed  along  the  length 

2.  There  is  no  spiral  twisting  along  the  blade 

3.  A  blade  is  hinged  at  the  hub 

4.  The  hub  is  at  the  axis  of  rotation. 

5.  The  airfoil  shape  is  maintained  by  pressure  in  an 
AIRMAT  structure 

6.  Although  a  blade  is  flexible,  it  is  assumed  to  be 
rigid  because  of  large  centrifugal  tensions  in  a 
blade 

7.  The  solidity  is  10  percent 
(b)  Forces  Acting  on  a  Rotor  Blade 

Lift  Forces  -  Figure  16  shows  an  airload  distribution  for  an  NACA  0012 
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Figure  16-  Rotor  Airload  Distribution  (NACA  0012  Air£oil) 
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airfoil.  The  loading  and  coordinates  are  given  as  a  dimensionless  param¬ 
eter,  The  dimensionless  coordinates  are 


X  =  r/R  and  Y  =  1  R/L„  , 

—  —  r  i 

where 

r  =  any  radius  along  the  blade 

# 

R  =  blade  radius 

lr  =  lift  at  point  of  radius  r 

Lrp  ®  total  blade  lift 

The  location  of  the  centroid  of  the  lift  distribution  is  shown  to  be  at  74.27 
percent  of  the  blade  radius  as  measured  from  the  hub. 

Forces  Due  to  Blade  Weight  and  Tip  Weight  -  Figure  15  shows  a  rotor 
blade  assumed  to  be  uniform  in  weight 'distribution  along  its  length  with 
centrifugal  forces  increasing  uniformly  outward  along  the  blade. 

If 

w  »  weight  per  unit  length  (ppf) 
x  s  horizontal  coordinate  -  r  cos  6 

o 

Q  *  rotor  angular  velocity  (radians  per  second) 

VT  =  tip  speed  (fps)  atX^  =  R  cos  6q  (ft/sec) 

WgT  =  total  weight  of  blade  =  Rw,  (lb) 

X  =  centroidal  distance  (ft) 
g  b  acceleration  of  gravity  (ft/sec6) 

CF  =  centrifugal  force  (lb) 

X,p  «  tip  horizontal  coordinate  =  R  cos  0q,  (ft) 


Then  the  centrifugal  force  created  by  the  blade  weight  is 
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■r 


w  x  n2  dr  _  w  ft2  R2 


cos  6  . 

o 


Substituting  Q  =  V-/R  cos  6  into  Equation  31  yields 


CF  = 


WBTVT 


The  resultant  force  (see  Figure  1?)  acts  at 


X  ■  cos  8  . 
J  o 


The  tip  weight,  Q,  and  its  centrifugal  force  also  are  shown  in  Figure  15. 


Figure  17  -  Equivalent  Concentrated  Forces  Acting  on  Rotor  Blades 
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(c)  Static  Equations  of  Equilibrium 

Figure  17  shows  a  rigid  blade  with  each  distributed  force  system  replaced 
by  an  equivalent  concentrated  force.  The  static  equations  consist  of  a 
moment  about  the  hub  and  summation  of  forces  in  the  x  and  y  direction. 
Summations  in  x  and  y  directions  yield 


(0.5  WBT  +  Q)  VT' 
R  g  cos  0 


(Lt)  sin  0( 


(34) 


and 


Ry  =  (Lt)  cos  0o  -  W 
From  a  moment  about  the  hub, 


Q  . 


0.7427(Lt)  -  WBT 


Q  « 


0, 5  cos  6  + 
o 


V_  tan  0 
i  o 


TZg 


cos  0Q  + 


VT  t,n  K 

”RT  ” 


The  resultant  blade  tension  is 


(35) 


(36) 


and  the  angle  0Q  is  defined  as 


(37) 


6  -  tan 

o 


(38) 


From  Equation  36  with  values  of  lift,  blade  radius,  and  tip  velocity  (dic¬ 
tated  by  disk  loading,  blade  weight,  and  coning  angle),  the  tip  weight,  Q, 
can  be  calculated.  Table  VI  shows  the  Q  for  each  load  item  at  a  disk 
loading  of  0.  8  psf. 

(5)  Rotor  System  Total  Weight  Without  Flare 

The  total  rotor  system  case  without  flare  now  can  be  established.  From 
Equation  7  the  total  system  weight  is  equal  to  the  weights  of  the  four  com¬ 
ponents.  Values  for  all  of  these  components  except  Wj^B  have  been 
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established  in  the  proceeding  subsections.  The  hub  weight  analysis  is 
contained  in  Item  7  below.  Knowing  the  value  for  ,  the  total  ,  i 

weight  can  be  found  for  the  nine  load  items  at  a  disk  loading  of  0.  8  psf. 

Table  VII  presents  a  summary  of  the  component  weights  as  a  percentage  •« 

of  the  gross  weight.  The  trend  of  the  resulting  total  rotor  system  weight  i 

(as  a  percentage  of  the  gross  weight)  is  clearly  an  increase  with  an  in-  84 

crease  in  gross  weight.  ^ 

TABLE  Vn  -  COMPONENT  AND  TOTAL  WEIGHTS  FOR 

CONFIGURATION  I 


Load 

item 

Gross 
weight, 
W  (lb) 

Rotor 
radius, 
R  (in. ) 

WBT/W 

(percent) 

Q/W 

(percent) 

WPB/W 

(percent) 

WHUE/W 

(percent) 

wVw 

(percent) 

1 

2,000 

30 

4.  12 

2. 1 

1.7 

5 

12.9 

2 

4,  000 

40 

5.2 

3.0 

2.35 

5 

15.5 

3 

8,000 

55 

6.6 

4.5 

3.20 

5 

19.3 

4 

12,500 

70 

9.  1 

4.7 

3.90 

5 

22.8 

5 

17, 000 

80 

9.8 

6.9 

4.5 

5 

26.2 

6 

21,500 

90 

11.0 

8.0 

5.0 

5 

29.0 

7 

26,000 

100 

12.6 

9. 1 

5.4 

5 

32.  1 

8 

30,  500 

110 

13.9 

10.6 

5.9 

5 

35.4 

9 

35,000 

120 

16.  1 

11.5 

6.2 

5 

38.8 

Since  the  rotor  concept  does  have  the  ability  to  transform  rotational  energy 
into  a  form  that  will  result  in  a  transient  deceleration  force  to  the  cargo, 
a  study  was  conducted  to  determine  if  descending  at  a  velocity  greater 
than  22  fps  (which  would  permit  a  smaller  diameter  rotor)  and  then  flare 
to  a  22 -fps  impact  velocity  would  provide  an  overall  savings  in  rotor  sys¬ 
tem  weight. 

(6)  Flare  Maneuver  Weight  Requirements 

Utilizing  a  sudden  collective  pitch  change  as  the  descending  autorotating 
rotor  nears  the  ground  to  provide  the  desired  lower  touchdown  velocity, 
which  is  being  reduced  from  a  higher  sustained  descent  velocity,  prom¬ 
ises  certain  rewards.  The  kinetic  energy  of  the  rotating  blades  can  be 
exploited  to  obtain  an  additional  decelerating  force  for  reducing  the 


SECTION  II  -  SYSTEM  DESIGN  AND  FUNCTIONAL  ANALYSIS 


descent  velocity.  The  analytical  mechanics  of  this  maneuver  were  ob¬ 
tained  and  modified  to  suit  the  conditions  of  this  problem.  It  is  assumed, 
as  in  Reference  5,  that  the  initial  load  factor,  LF,  in  this  maneuver  is  2.  0 
and  decreases  linearly  with  time  to  the  end  of  the  maneuver  to  become 
1.0.  At  any  time,  t, 


LF  a  LF_  -  (LF  -  1)  t/t-  . 


(39) 


The  difference  in  the  initial  descent  velocity,  V^,  and  the  final  velocity, 
Vf,  is 


f  adt 

(40) 

'o 

r  <LF0  -  *)  «  l£ 

(41) 

2<  V  V£> 

OT7-  1J  g  • 

(42) 

At  any  instant  during  the  vertical  flare,  the  power  required  per  pound 
of  vehicle  as  reported  in  Reference  5  is 

1  /2 

Fp/W  =  5  j  (LF)  3^2  ,(M  is  figure  of  merit)  .  (43) 

The  kinetic  energy,  KE,  required  for  the  flare  per  pound  of  vehicle  is 
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Based  on  the  solution  of  the  standard  form  integral 


/(a  +  bx)ndx  =  ^n^b)  ‘  .  (47) 

where  a  =  LFQ  and  b  =  -  (LFq  -  l/tf)  : 


With  the  assumption  that  the  figure  of  merit,  M,  is  0.  7  and  LFq  =  2.  0, 


(49) 


and 


(50) 


The  kinetic  energy  must  be  possessed  by  the  rotor  at  the  time  the  flare 
commences.  If  the  rotor  blade's  mass  is  uniformly  distributed  and  a 
two-bladed  rotor  is  assumed  and  as  well  as  assuming  only  2/3  of  the 
energy  is  available  for  the  flare  before  stalling  occurs,  then 

KEro«or  ■  ifr5)*™’2  •  <51> 


where 


Wp,,  =  the  weight  of  the  rotor  system  that  contributes  to 
the  rotational  kinetic  energy,  i.  e, ,  Wg^,  and  Q 

Q  =  blade  rotation  speed 

R  =  blade  radius. 

The  rotor  blades  then  must  possess  a  weight  ratio  relative  to  the  gross 
weight  of  the  system  through  the  substitution  of  the  KErotor  in  the 

(KE/W)reqd  equation: 
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RS  Cm/WV/2<Vd  "  Vj> 


The  rotor  tip  velocity,  Vp,  is 


vT  =  R  n 


T” 


=  695 


wl/2(Vp-  Vf) 
\A/  tv  ^ 


(vTr 


Rotor  blades  in  autorotational  descent  have  the  drag  coefficient,  Cp 

related  to  the  ratio  Vq/V^  from  Reference  5.  A  solidity  ratio,  or,  of 

0.  10  was  assumed  for  minimum  weight  in  this  study  since  increasing 
the  solidity  by  a  factor  of  two  and  three  only  increases  the  drag  coeffi¬ 
cient  between  7  and  14  percent.  In  Reference  5  the  aerodynamic  design 
criteria  for  the  descent  condition  prior  to  execution  of  the  flare  in  order 
to  ensure  against  rotor  stall  occurring  during  the  flare,  the  thrust  co¬ 
efficient,  CT,  and  solidity,  ar  ,  should  be  related  as 


—  -  0.  10  . 


The  thrust  coefficient  and  the  drag  coefficient  are  related  as 


The  descent  speed,  Vp,  the  tip  speed,  VT,  disk  loading,  W/A,  and  the 
blade's  weight  ration  W^g/W,  requirement  are  related  by  the  above  mathe¬ 
matical  expressions.  This  is  expressed  by  Figure  18  for  standard  sea 
level  conditions  (  p  =  0.  002378  slugs/cu  ft)  and  for  a  final  touchdown 
velocity  of  22.  0  fps.  The  plot  represents  the  minimum  weight  require¬ 
ments.  The  parts  of  the  rotor  system  that  contribute  to  kinetic  energy 
required  to  accomplish  flare  are  the  mass  of  the  blade  and  mass  of  the 
tip.  Values  for  blade  weight  at  all  disk  loadings  can  be  found  from 
the  analysis  in  Item  (2)  above.  Values  for  tip  weight  at  uisk  load¬ 
ings  greater  than  0.  8  psf  now  must  be  developed.  Calculation  of  tip 
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weight  for  the  cases  when  the  rotor  will  flare  is  performed  in  a  slightly 
different  manner  as  for  the  case  without  flare.  The  difference  lies  with 
the  values  for  lift  to  be  used  in  Equation  36.  Since  a  load  factor  of  two 
is  to  be  experienced  at  the  initiation  of  the  flare  maneuver,  the  total  lift, 
L,p,  will  be  twice  the  value  experienced  at  steady- state  descent  condi¬ 
tions.  Therefore  to  balance  this  increased  lift  force,  larger  centrifugal 
loads  must  be  imposed  on  the  blades  during  the  steady- state  condition. 
Based  on  this  fact,  values  for  tip  weight,  Q,  were  calculated  at  various 
disk  loadings  for  each  load  item.  The  sum  of  the  values  for  WgT/W 

and  Q/W  are  plotted  on  Figure  18  for  each  of  the  load  items  at  the  parti¬ 
cular  disk  loadings.  The  minimum  weight  system  is  the  point  where  the 
load  item  curves  and  the  theoretical  minimum  weight  curves  intersect. 
The  end  points  for  the  disk  loading  of  0.  8  psf  were  taken  from  Figure  7. 

Since  a  considerable  weight  savings  can  be  seen  for  the  load  Items  4 
through  9,  it  is  advantageous  to  consider  them  further  in  an  attempt  to 
minimize  the  number  of  rotor  diameters  required. 

From  Table  III,  the  diameters  required  for  load  Items  1,  2,  and  3  are 
60,  80,  and  110  ft,  respectively.  If  the  diameters  are  referenced  to 
the  loads  4  through  9,  then  load  Item  4  would  be  delivered  with  an  80-ft 
diameter  rotor;  loads  5  and  6  can  be  dropped  with  a  110-ft  diameter 
unit;  and  for  loads  7,  8,  and  9,  a  140-ft  diameter  system  must  be  em¬ 
ployed.  For  each  of  these  items  (4  through  9)  the  appropriate  blade 
weight,  VDT,  was  taken  from  Table  V.  Tip  weights,  Q,  then  were  cal- 

culated  for  each  respective  disk  loading.  These  two  values  along  with 
their  sum,  WRg,  and  ratio  to  the  load  items  0VRg/W)calc  can  be  found 

in  Table  VII. 

The  minimum  requirement  for  (WDC/S)  .  was  obtained  for  each  load 

jtxO  min 

item  at  its  respective  disk  'loading  from  Figure  18  and  is  presented  in 
Table  VIII.  Any  value  of  (wRg/w)min  that  is  8reater  than  ^RS'^calc 
must  be  used  for  final  weight  determination.  The  (wRg/w)actuai  is  t^ie 

resulting  significant  value  and  is  presented  in  Table  VIII.  Evaluation  of 
the  hub  weight  now  can  be  made. 

(7)  Hub  Weight  (WKUg) 

Presented  in  Figure  5  is  the  preliminary  design  concept  for  the  rotor 
hub  as  would  be  required  for  this  application.  From  Figure  3-19  found 
in  Reference  3,  the  hub  weight  for  a  conventional  helicopter  system 
is  approximately  equal  to  the  weight  of  the  rotor  blades  (this  includes 
tip  weight).  Included  in  this  value  for  WHUR  is  the  weight  of  the  linkages 
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and  mechanism  required  for  buth  cyclic  And  collective  pilch  control.  It 
i«  assumed  thAt  the  control  linkage  comprises  SO  percent  of  the  hob 
weight,  Therefore  since  ihe  design  as  presented  in  figure  S  doss  not 
require  Any  control  mechanism,  tns  hub  weight  will  bs  assumed  to  hs 
approximately  1/2  of  the  sum  of  and  Q.  From  Figure  Id,  for  an 

optimum  design  system  that  will  employ  the  flare  maneuver  and  there¬ 
fore  Approach  a  powered  rotor,  WRj,  the  minimum  weight  required  will 

be  between  8  and  12  percent  of  the  gross  weight.  From  the  prefeeding 
assumptions,  the  hub  weight  would  oe  from  4  to  6  percent  of  the  gross 
weight.  For  preliminary  design,  a  nominal  value  for  W^^  will  be  S 

percent. 

(8)  Final  Siae  and  Weight  Evaluation 

To  obtain  the  total  system  weight  for  each  load  item,  the  appropriate 
pressure  bottle  weight,  WpRl  from  Table  VI  along  with  the  value  for 

hub  weight  (W^g)  must  be  added  to(w^s^)  Table  VXU.  Pre¬ 

sented  in  Table  IX  are  the  resulting  values  of  Wp^/W,  WHy0/W,  and 
WRS/W  and  their  sum  WR/W,  (See  Figure  1 9  for  final  weight  ratio  data). 

TABLE  IX  -  FINAL  SYSTEM  WEIGHT  (WITH  AND  WITHOUT  FLARE) 


Load 

item 

Gross 

weight, 

W 

Ob) 

WPB 

(lb) 

WPB/W 

(percent) 

WHUB/W 

(percent) 

(vw)F 

(with 

flare) 

WR/W* 

(without 

flare) 

1 

2,  000 

l  t  • 

%  *  t 

I  I 

12.9 

2 

4,  000 

•  •  * 

It* 

HHH 

15.  5 

3 

8,  000 

*  »  • 

»  »  » 

HH 

19.3 

4 

12, 500 

9.  0 

94 

B9 

lray|  ■ 

RH 

22.8 

5 

17, 000 

8.  4 

256 

1' 

Bn 

26.2 

6 

21, 500 

8.  4 

256 

tsm 

29.  0 

7 

26, 000 

11.3 

488 

Ilf''.;. 

32.  1 

8 

30,  500 

9.6 

488 

1.6 

5.  0 

8BB 

35.  4 

9 

35,  000 

8.  7 

488 

1.4 

5.  0 

15.  1 

38.  6 

* 

Values  taken  from  Table  VII. 
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I.  GENERAL 

Th«  BALLUTE- flexible  rotor  system  as  applied  to  the  U.S.  Army  low- 
altitude  airdrop  miaaion  mviai  most,  along  with  the  functional  perfor¬ 
mance  goal  a,  certain  operational  requirementa.  Compatibility  with  U.  S. 
Army  and  U.  S.  Air  Force  rear-loading  cargo  aircraft  flying  in  maia 
formatione  ia  of  utmoat  importance,  Other  operational  reqviiremente  are 
making  only  minor  alterationa  to  the  aircraft  and  alao  meeting  the  allow¬ 
able  volume  envelope  for  each  cargo  item.  The  factor  for  major  coneid- 
eration  ia  the  complexity  of  the  rigging,  loading,  derigging,  and  drop 
aono  clearance  opcrationa.  For  tne  eyatem  to  be  deairable,  a  minimum 
requirement  for  apodal  and  additional  training  muet  be  met,  Reliability 
conaideration  ia  an  additional  factor  that  determinea  the  uaefulneaa  of 
the  ayatem  for  this  operation. 

An  indication  of  the  ayatem  complexity  can  be  realised  if  the  steps  re¬ 
quired  for  preparation  are  known.  A  deecription  of  the  packing  and 
rigging  operations  and  maintenance  of  the  BALLUTE  and  rotor  ayatem 
follows. 

Data  concerning  reliability  estimates  are  contained  in  Item  4  below. 


2,  PACKING  AND  RIGGING 
JL*  Method 

The  method  for  packaging  the  BALLUTE  and  flexible  rotor  eyatem  would 
be  very  similar  to  that  presently  experienced  with  standard  parachute 
ayeteme.  The  anticipated  technique  will  be  outlined  below  with  discreet 
check  points  established, 

b.  Steps  for  Packaging  BALLUTE 

The  BALLUTE  is  packaged  aa  follows : 

1.  Inspect  for  areas  that  may  have  been  overstressed 
during  previous  use.  If  necessary,  inflate  with  a 
suitable  blower  to  check  questionable  areas.  Then 
make  necessary  repairs 
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2.  Chock  geodei  ic  suspension  lino  arrangement  to 
make  certain  there  la  no  antangiomont  and  proper 
attachment  orientation 

3.  Elongate  ayatem  on  table 

4.  Compreaa  inleta  and  reatrain  in  loaded  poaition 
with  auitable  fabric  linea.  Theae  linea  will  be  re¬ 
moved  at  a  later  atop  during  the  packing.  The 
number  of  linea  removed  will  be  recorded  on  the 
aign-off  ahoeta 

5.  Pleat  BALLUTE  by  placing  gore  on  gore,  aimilar 
to  present  parachute  folding  techniques.  After  the 
pleating  ia  complete,  the  packaged  width  of  the 
BALLUTE  ia  approximately  one  gore  wide 

6.  Divide  gore  length  into  a  predetermined  number  of 
aegmenta  for  final  folding.  Theae  aegmenta  then 
are  accordion-folded  on  top  of  each  other 

7.  Remove  reatralnta  on  the  inleta  and  make  the  proper 
record 

8.  Attach  a  breaklino  between  the  BALLUTE  crown 
and  the  deployment  bag 

9.  Place  BALLUTE  in  the  deployment  bag,  then  inatall 
and  tighten  the  proper  lacing 

10.  Attach  geodeaic  riaer  to  the  rotor  pack 

11.  Make  proper  BALLUTE  deployment  bag  cloaing  re- 
atrainta  and  inatall  proper  paaaive  cutter  knivea 

£.  Step  for  Packaging  Rotor 

The  rotor  ia  packaged  aa  follow*: 

1.  Stretch  out,  inflate,  and  inapect  blade*  for  any  damage 
that  might  have  been  received  during  a  previous 
drop.  It  ia  assumed  at  this  point  that  any  damaged 
blades  would  be  sent  to  a  special  area  and  necessary 
repairs  made 

2.  Attach  appropriate  blades  to  the  hub  assembly.  In¬ 
stall  proper  tip  weight 

3.  Replace  pyrotechnic  manifold  release  valve  with  re¬ 
built  unit.  Rebuilding  the  unit  requires  replacing  a 
diaphragm.  Install  two  pyrotechnic  charges.  For 
clarification,  the  pyrotechnic  charges,  which  are 
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lanyard  initiated,  puncture  the  diaphragm  and  per¬ 
mit  the  air  in  the  storage  bottle*  to  paaa  through  the 
manifold  and  into  the  blades 

4.  Make  respective  inflation  tubing  attachments.  The 
blade  is  deflated  at  the  beginning  of  this  operation 

5.  For  the  version  of  the  rotor  that  will  utiliae  the  flare 
maneuver  to  obtain  the  required  22-fpa  impact  velo¬ 
city,  an  additional  step  must  be  performed  before  the 
blades  can  be  folded.  This  additional  packaging  step 
will  require: 

a.  Assembly  of  a  daisy  chain 

b.  Attachment  of  two  pyrotechnic  (reefing  line  type) 
cutters  per  blade  for  release  of  the  restraint  to 
permit  terminal  flare.  Two  cutters  are  required 
at  this  time  to  provide  a  redundance 

c.  Suitable  attachment  to  each  cutter  through  which 
the  flare  command  signal  is  transmitted 

6.  Fold  blades  to  the  desired  sice  dictated  by  the  deploy¬ 
ment  bag.  Depending  on  the  blade  size,  it  might  be 
necessary  to  fold  the  blade  before  attaching  to  the  hub 
assembly 

7.  Place  folded  rotors  into  the  deployment  bag 

8.  As  the  blades  are  being  positioned  into  the  bag,  a 
lanyard  that  was  previously  attached  to  the  bag  is  at¬ 
tached  to  the  firing  pin  at  the  manifold  release  valve 

9.  Place  remainder  of  the  blades  in  the  bag  and  make 

a  suitable  tie  through  two  large  reefing  line  type  cut¬ 
ters  at  the  bag  inlet 

10.  Inflate  storage  bottles  to  the  required  pressure 
through  the  quick-disconnect  extension.  Perform 
leak-rate  check  to  insure  no  leakage.  This  step 
could  be  performed  after  Step  4  to  ease  tightening 
of  tubing  fittings  if  required,  but  final  inflation 
should  be  performed  as  a  final  step  in  an  attempt 
to  eliminate  handling  of  the  high-pressure  system 

11.  A  lanyard  that  previously  has  been  attached  to  the 
suspension  riser  is  left  to  be  attached,  but  final  at¬ 
tachment  will  be  made  after  the  package  is  placed 
in  the  aircraft  to  prevent  premature  release  from 
handling 

12.  Attach  rotor  system  to  cargo 


-57- 


SECTION  m  :  OPERATIONAL  ANALYSIS 


3.  MAINTENANCE 

a.  General 

Maintenance  of  the  BALLUTE- rotor  ayatem  aa  applied  to  cargo  airdrop 
operation  can  be  divided  into  two  aectiona  •  one  for  the  BALLUTE  and 
the  other  for  the  rotor  aaaembly.  Thia  aeparation  reaulta  from  the  two 
different  fabrication  technique*  for  each  item. 

b.  BALLUTE  Maintenance 

Maintenance  of  the  BALLUTE  will  be  required  only  if  damage  ia  experi¬ 
enced  during  a  drop  miaaion.  Presently,  it  ia  anticipated  that  the  BAL¬ 
LUTE  be  fabricated  uaing  a  aewing  procedure.  All  repaira  could*  there¬ 
fore,  be  made  uaing  conventional  aewing  equipment.  Repair  of  thia  type 
ia  practical  becauae  of  the  equipment  available  to  make  aewing  repaira. 
The  equipment  referenced  here  conaiata  of  aewing  machines  and  their 
related  components. 

An  alternative  to  the  sewn  repaira  would  be  a  cementing  process.  The 
steps  that  would  be  followed  if  a  cementing  procedure  were  to  be  used 
are  outlined  in  Item  £,  (3).  Repair  of  the  BALLUTE  uaing  a  cementing 
technique  could  be  done  only  if  the  BALLUTE  previously  had  been  coated. 
For  this  application  the  BALLUTE  probably  would  not  be  coated  unless 
the  need  arose  to  decrease  its  porosity  for  aerodynamic  performance 
reasons. 

£.  Rotor  Maintenance 

(1)  General  Maintenance 

The  term  general  maintenance  can  be  defined  as  any  operation  required 
by  all  rotor  systems  in  preparation  for  the  airdrop  mission.  Any  func¬ 
tion  required  by  all  of  the  rotor  systems  can  be  considered  as  part  of 
the  rigging  operation.  A  complete  description  of  rigging  and  packing  re¬ 
quirements  of  the  rotor  portion  of  the  recovery  system  can  be  found  in 
Item  2,  above. 

(2)  Repair  Maintenance 

Repair  to  the  rotor  system  would  be  required  only  if  damage  to  the  rotor 
were  encountered  during  the  airdrop  operation.  The  repair  can  be 

jken  into  two  sections  -  hardware  and  fabrics.  The  hardware  portions 
are  the  hub,  bearing,  pressure  bottles,  manifold,  tubing,  and  tip  weight 
and  cannot  be  repaired  easily.  The  reason  lies  with  the  design  of  each 
component  and  their  critical  strength  requirements.  Emergency  re¬ 
pairs  could  be  made  for  use  during  one  drop,  but  repeated  use  of  a  re¬ 
paired  part  would  not  be  reco,nmended.  Of  major  consideration  would 
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bo  all  pressure- carrying  components  such  as  air  storage  bottles,  mani¬ 
fold,  and  tubing.  The  reasoning  here  lies  with  the  large  storage  pres¬ 
sure  requirements  that  dictate  high  and  critical  strength. 

Repair  to  the  fabric  rotor  blades  will  be  quite  different  from  repairs  to 
cloth  of  the  parachutes  presently  being  used.  By  definition,  a  fabric  is 
a  cloth  which  is  impregnated  (coated)  with  an  elastomer.  Depending  on 
the  cloth,  the  type  and  amount  of  elastomer,  and  type  of  structure,  the 
repair  technique  of  either  sealing  or  cementing  is  dictated.  For  the 
fabric  rotor  blades,  a  cementing  technique  is  the  only  suitable  repair 
procedure. 


(3)  Repair  Procedure 

(a)  General 

An  outline  of  the  procedure  to  make  cemented  repairs  to  fabrics  follows. 

(b)  Size  of  Patches 

(c)  Surface  Preparation 

Remove  all  dust  and  lint  from  surfaces  to  be  cemented  with  rag  dampened 
with  toluene  or  1,  1,  1 -trichloroethane. 

(d)  Cement  Mixing  Instructions 

When  cementing  seams,  apply  a  cement  mixture  consisting  in  a  ratio  of 
128  cc  of  activator  to  one  gallon  of  cement.  Use  only  thoroughly  mixed 
and  freshly  made  cement.  Discard  when  they  begin  to  jell  or  after  eight 
hours,  whichever  occurs  first. 

(e)  Application 

For  all  cement  coats,  a  brush  with  an  effective  length  bristle  of  2-1/2  in. 
shall  be  used  to  flow  the  cement  on  as  uniformly  as  possible.  Brushes 
shall  be  washed  free  of  set-up  cement  with  toluene  or  1,  1,  1- trichloro¬ 
ethane  at  least  once  every  eight  hours  to  maintain  this  effective  2-1/2  in. 
bristle  length.  If  the  effective  length  of  the  brush  falls  below  2-l/4  in. 
it  shall  be  replaced  with  a  new  brush. 

(f)  Number  of  Coats 

Apply  the  following  minimum  cement  buildup  to  both  surfaces  that  will 
be  bonded: 
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1.  Three  heavy  coats  1497-C  (plus  activator) 

2.  One  heavy  lay  coat  1473-C  (plus  activator) 

The  cement,  as  received  without  any  dilution,  shall  constitute  a  heavy 
coat. 

(g)  Drying 

Allow  each  coat  of  cement  to  dry  past  the  tack-free  stage  before  apply¬ 
ing  the  next  coat.  Normally  this  takes  15  to  30  min.  Last  coat  should 
dry  to  the  "laying  tack"  point.  In  the  event  that  the  cement  becomes  too 
dry  for  seaming,  apply  a  new  coat  of  cement. 

(h)  Seaming  Procedures 

Judgment  and  drying  conditions  determine  the  length  of  time  after  the 
last  coat  of  cement  is  applied  before  seaming.  Do  not  swab  the  cement 
if  it  becomes  too  dry;  but  apply  a  new  coat  as  specified  in  the  drying 
step.  Lay  the  cemented  seam  or  tape  when  the  tack  point  is  reached. 

Do  not  try  to  lay  more  seam  or  tape  than  can  be  put  together  before  the 
cement  becomes  too  dry.  Roll  down  immediately.  Avoid  stress  on  tape 
or  seams  while  laying. 

Allow  cemented  seams  to  air  dry  for  24  hr  before  placing  under  any  un¬ 
due  strain  such  as  flexing  oi  moving  in  a  manner  that  would  tend  to 
loosen  or  distort  a  fresh  seam. 

(i)  Curing 

Allow  the  repair  to  age  for  a  minimum  of  seven  days  before  folding  or 
boxing  if  possible.  As  an  alternate,  it  is  permissible  to  cure  the  repair 
with  infrared  heat  lamps  set  at  a  distance  so  as  to  provide  140-  to  160- F 
heat.  Curing  time  shall  be  one  hour;  provide  accurate  heat  control  mea¬ 
sure.  Heat  shall  not  be  applied  until  cement  has  dried  a  minimum  of 
eight  hours. 

Allow  a  minimum  of  14  days  room  temperature  curing  before  placing 
seams  under  any  tension,  such  as  test  inflating. 

As  an  alternate,  seams  may  be  cured  for  eight  hours  minimum  at  200  F 
in  circulating  hot  air.  Seams  must  be  aged  24  hr  minimum  before  cur¬ 
ing. 

4.  RELIABILITY 
a.  General 

Reliability  information  applicable  to  the  rotor  blade  delivery  concept  is 
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presented  below.  The  method  of  approach  is  to  present  anticipated  rotor 
blade  system  reliability  and  compare  it  to  present  parachute  system  data 
since  the  prepared  system  utilizes  similar  sequencing  methods. 

b.  Mechanical 

Presented  in  Table  X  are  the  pertinent  data  relative  to  mechanical  re¬ 
liability  of  parachute  systems. 

jc.  Human  Error 

(1)  BALLUTE 

Presented  in  Table  XI  are  data  concerning  preparation  of  the  BALLUTE 
for  the  airdrop  system. 

(2)  Rotor 

Table  XII  presents  the  data  for  preparing  the  rotor  system  for  the  air¬ 
drop  operation. 
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Failure 


source 


Reliability 

figure 


Passive  cutters  at  RAL- 
LUTE  bag- closing  re¬ 
straint 


Time-delay  cutters  on 
rotor  deployment  bag 


Seven  out  of  29  malfunc¬ 
tions  that  were  experi¬ 
enced  during  1679  drops 
in  October,  November, 
and  December  1965  were 
contributed  to  reefing 
line  cutters® 


Inflation  system  pyro 
valve 


cj  round  -  sensing  probe 
system 

Pyro  cutters  at  blade 
tips  (for  flare) 


Rational  or 
calculation  basis 
of  reliability  figure 


When  a  proper  load  is  applied, 
sive  cutters  used  for  release  o 
BALLUTE  deployment  bag  sev< 
textile  lino  passing  through  the 
ter.  Cutter  reliability  is  dope] 
upon  proper  application  arid 
tude  of  the  force.  Through  ] 
development,  the  two  factors  vJ 
be  completely  defined  and  the  S 
tern  design  and  packing  data  es 
blished  accordingly. 


Exact  reliability  fig\ires  for  till 
delay  cutter  cannot  be  establisl 
now  due  to  the  new  application: 
reefing  line  cutter  and  no  defin 
of  the  exact  type.  Documented 
in  WADDTR  60-20099  are  relia 
figures  for  a  particular  type  re 
line  cutter.  An  estimate  of  re! 
bility  at  various  confidence  lev 
is  provided.  In  general,  a  rel: 
bility  of  0.  985  at  a  99  percent 
fidonce  level  has  been  establis 
for  the  M2AI  reefing  line  cutte: 


A  pyrotechnic  device  will  he  a 
velopment  item  and  reliability 
only  be  established  during  a  de 
ment  program.  The  method  to 
used  in  establishing  these  figut 
is  documented  in  Navord  Repoi 
2101 10 


Same  as  No.  3 


Same  as  No.  3 


tv 
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1  LIABILITY  OF  PARACHUTE  SYSTEMS 


1  or 
i  basis 
y  figure 

Consequence 
of  failure 

Visibility  or 
detectability 
of  i ni  ipient 
feature 

C  omment  s 

is  applied,  pas- 
r  release  of  t  he 
*nt  bag  sever  a 
through  the  cut- 
ity  is  dependent 
tion  and  magni-  , 
‘hrough  proper 
o  factors  would 
td  and  the  sys- 
ing  data  estab- 

Inability  to  deliver  load 

Proper  rigging  deter¬ 
mined  only  by  visual  in¬ 
spection 

ires  for  time 
>e  established 
ppli cation  of  the 
ad  no  definition 
ocumented  in 

9  are  reliability 
lar  type  reefing 
mate  of  relia- 
idence  levels 
ral,  a  relia- 
9  percent  con- 
n  established 
line  cutter. 

Damage  to  load  to  a  de¬ 
gree  affecting  its  useful¬ 
ness  in  combat  or  in¬ 
creased  probability  of 
such  damage  (duo  to  in¬ 
creased  rate  of  descent). 

A  visual  inspection  is 
the  only  means  to  de¬ 
termine  that  the  arming 
lanyard  attachment  was 
properly  made.  This 
prevents  an  initiation 
failure  of  the  cutters. 

Although  one  de¬ 
vice  will  perform 
the  required  task, 
two  devices  are 
incorporated  for 
redundancy. 

will  be  a  de- 
•eliability  can 
uring  a  deve lop- 
method  to  be 
these  figures 
mrd  Report 

Same  as  No,  2 

Same  as  No.  2 

Same  as  No.  2 

Same  as  No.  2 

Same  as  No.  2 

Same  as  No.  2 

Same  as  No.  2 

Same  as  No.  2 

Same  as  No.  2 
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6 

Error 
sou rce 

Estimated 
frequency  of 
occurrence 

Consequent1  c 
of  error 

Times 

Inspected 

Retluiu 
and  fa) 
featu 

» 

N/A 

Inability  to  deliver  load 

1 

Visual  inspect 
sign- mi 

2 

N/A 

Inability  to  deliver  load.  Damage 
to  load  to  a  degree  affecting  its  use- 
fulness  in  combat  or  increased 
probability  of  such  damage  (due  to 
increased  rate  of  descent,  for  ex¬ 
ample) 

i 

Visual  inspect 
sign- uff 

4 

N/A 

•  i  * 

i 

Visual  inspect 
sign-off 

7 

N/A 

Inability  to  deliver  load 

i 

Visual  inspect 
sign-off 

8 

1 

N/A 

»  »  * 

i 

Visual  inspect 
sign-off 

9 

N/A 

•  i  • 

i 

Visual  inspect 
sign-off 

10 

N/A 

Damage  to  load  to  a  degree  affect¬ 
ing  its  usefulness  in  combat  or  in¬ 
creased  probability  of  such  damage 
(due  to  increased  rate  of  descent, 
for  example) 

i 

Visual  tnspei 
sign-off 

1 1 

N/A 

Inability  to  deliver  load.  Damage 
to  load  to  a  degree  affecting  its  use¬ 
fulness  in  combat  or  increased 
probability  of  such  damage  (due  to 
increased  rate  of  descent,  for  ex¬ 
ample) 

i 

Visual  inspec 
sign-off 

Numbers  in  this  column  correspond  to  BALLUTE  packing  steps  in  Item  2,  b  of  this  section. 


A 


tomim  FAIMMIKO  \m B  m  HUMAN  KIUIOU 


Redundancy 
A»(l  fAilaafe 
features 


Visual  inspection  Altd/»r 
sign- oil 


Comment  • 


IIAt.l.CTE  limped  ton  similar  to  present  |)a pa i  luit c  inspec¬ 
tion 


Visual  tnapedlon  And/nr 
sign-off 


Imprope  r  attachment  of  IIAUUI’TE  l «»  rotor  pack  could  re¬ 
sult  in  JIAI.I.I'TK  separating  from  rotor  pack  At  IIAl.UCTE 
deployment,  resulting  in  a  lark  of  form  in  atrip  off  rotor 
deployment  img,  Viaual  inspection  ii  only  mean*  of  pre¬ 
venting  thia 


Visual  inspection  and/or 
sign-off 

Visual  inspection  And/or 
sign-off 


Viaual  inspection  And/or 
sign-off 

Viaual  inspnc lion  and/or 
sign-off 

Viaual  inspection  and/or 
sign-off 


t 


If  inlets  are  restrained  and  not  permitted  to  spring  into 
airflow,  RA1.LUTE  will  not  inflate  and  cargo  cannot  he  ex- 
traded  from  aircraft.  Kven  though  thia  could  exist,  there 
at i II  would  he  aufficient  drag  provided  to  atrip  the  rotor  de¬ 
ployment  hag  and  perhaps  allow  the  drag  of  the  trailing 
rotor  to  extract  cargo 

Failure  to  make  thia  attachment  would  reduce  the  inflation 
time  of  the  PAkLUTE  alightly  hut  would  not  have  a  aigni- 
ficant  effect  on  the  performance 

Improper  inatallatiun  of  the  BALkUTE  Into  the  deployment 
hag  would  Affect  repeatability  hut  would  not  hinder  ayatem 
performance 

Improper  attachment  of  UALUUTE  to  rotor  pack  could  re- 
null  in  NALM-’TE  sepn rating  from  rotor  pack  at  PALMJTE 
deployment,  reaulting  in  a  lack  of  force  to  atrip  off  rotor 
deployment  hag  Viaual  leaped  ton  ia  only  meana  of  pre¬ 
venting  thia 


Improper  attachment  of  the  BAMA'TE  deployment  hag 
could  reauli  in  no  deployment  of  the  HA1-.LUTE  anti  no 
(I)  direct  removal  of  cargo  from  the  aircraft,  (2)  atrip-off 
of  the  rotor  deployment  hag,  and  (1)  tranamittal  of  torque 
to  the  rotor  to  asaist  the  transient  spin-up 


b  of  this  section. 


Visual  inspection  and/or 
sign- off 
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6. 


Error 

•mtri't* 

Estimated 
frequency  of 
occurrence 

Consequence 
of  error 

Times 

inspected 

Redundan 
and  failst 
featursi 

1 

N/A 

Damage  to  lost)  to  s  de¬ 
gree  effecting  its  useful¬ 
ness  in  combat  or  in¬ 
creased  probability  of 
such  damage  (due  to 
increased  rate  of  de¬ 
scent,  for  example) 

1 

Inspection  records  w< 
sign-off  by  proper  *ps 
suing  steps  could  not 
without  signature  on  < 

2 

N/A 

Damage  to  lead  to  a  de¬ 
gree  affecting  its  useful¬ 
ness  in  combat  or  in¬ 
creased  probability  of 
such  damage  (due  to 
increased  rate  of  de¬ 
scent,  for  example) 

l 

Attachment  of  blade  t 
weight  to  blade  is  ma' 
of  bolts.  The  failsaft 
fiber  locknut  asstmbl 

» 

S 

N/A 

Damage  to  load  to  a  de¬ 
cree  affecting  its  use¬ 
fulness  in  combat  or  in¬ 
creased  probability  of 
such  damags  (due  to  in¬ 
creased  rats  of  descent, 
for  example).  Error  in 
assembly  would  be  de¬ 
tected  in  pressure  checks 

.  1 

leakage  tests  on  aast 

would  indicate  impro| 
Although  one  charge  e 
ficient  to  perform  the 
be  employed  lor  redui 

4 

N/A 

Error  in  assembly  would 
be  detected  in  pressure 
chocks 

1 

Leakage  tests  on  ease 
would  indicate  improp 

S 

N/A 

Damags  to  load  to  a  de¬ 
gree  affecting  its  useful¬ 
ness  in  combat  or  in¬ 
creased  probability  of 
such  damage  (due  to  in¬ 
creased  rate  of  descent, 
for  example) 

1 

i 

Although  one  charge  o 
ficient  to  perform  the 
be  employed  for  redui 

6 

N/A 

i  *  • 

.  .  , 

.  .  . 

7 

N/A 

*  * 

*  *  » 

•  *  . 

^Numbers  in  this  column  correspond  to  rotor  packing  steps  in  Item  2,  £  of  this  section. 

A 


Radundanry 
a  nd  fail  at  fa 

feature* 


Comment* 


TABLE  XII  -  ROTOR  PREPARATION  FAILURES 


Error 

source* 

Estimated 
frequency  of 
occurrence 

Consequence 
of  error 

Timas 

inspected 

Redundanc 
and  failsaf 
features 

H 

N/A 

Damage  to  load  to  a  de- 
g roc  affecting  its  useful¬ 
ness  In  combat  or  in¬ 
creased  probability  of 
such  damage  {due  to  in¬ 
creased  rate  of  ({parent, 
for  exan  pie) 

1 

«  \  t 

9 

n/a 

Damage  to  load  to  a  de¬ 
gree  affecting  its  useful¬ 
ness  in  combat  or  in¬ 
creased  probability  of 
such  damage  (due  to  in¬ 
creased  rate  of  descent, 
for  example) 

l 

Although  one  charge  oi 
ficient  to  perform  the  1 
be  employed  for  redunt 

10 

N/A 

Damage  to  load  to  a  de¬ 
gree  affecting  its  useful¬ 
ness  in  combat  or  in¬ 
creased  probability  of 
such  damagp  (due  to  in¬ 
creased  rate  of  descent, 
for  example) 

1 

•  •  i 

1 1 

N/A 

Damage  to  load  to  a  dc- 
greo  affecting  its  useful¬ 
ness  in  combat  or  in¬ 
creased  probability  of 
such  damage  (due  to  in¬ 
creased  rate  of  descent, 
fur  example) 

1 

Although  one  charge  or 
ficient  to  perform  the  t 
be  employed  for  redunt 

12 

N/A 

Damage  to  load  to  a  de¬ 
gree  affecting  its  useful¬ 
ness  in  combat  or  in¬ 
creased  probability  of 
such  damage  (due  to  in¬ 
creased  rate  of  descent, 
for  example) 

1 

Cargo  would  not  be  per 
craft  without  proper  si 
ing  record 

Numbers  in  this  column  correspond  to  rotor  packing  steps  in  Item  2#  t  of  this  section. 


A 


N  FAILURES  DUE  TO  HUMAN  ERROR  (Continued) 


Redundancy 
and  failsafe 
features 

Commenta 

Viaual  inapection  and  proper  sign- off  would  be  the  only  meana 
of  ensuring  proper  assembly 

one  charge  or  cutter  la  auf- 
perform  the  task,  two  will 
iyed  for  redundancy 

Failure  to  properly  attach  the  cutter  and  reatraint  line  could 
reault  in  a  premature  deployment  of  the  bladea  or  no  deploy¬ 
ment  of  the  bladea 

Proper  aign-off  would  indicate  completed  atep 

one  charge  or  cutter  ia  auf- 
i  perform  the  task,  two  will 
yod  for  redundancy 

F'ailure  to  install  lanyard  would  result  in  no  deployment  of 
the  blades 

mid  not  be  permitted  on  air- 
hout  proper  sign- off  on  pack¬ 
ed 

Final  attachment  of  the  rotor  system  to  the  cargo  would  be 
indicated  by  proper  sign-off 

section. 
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1.  GENERAL 

Autorotating  inflatable  rotory  wing  decelerators  for  the  recovery  of  des¬ 
cending  payloads  has  been  previously  demonstrated  analytically  as  a 
sound  concept  for  a  recovery  device.  To  demonstrate  that  the  concept 
also  is  functional,  a  model  inflatable  rotor  was  designed,  fabricated, 
and  tested.  Goodyear  Aerospace  has  concluded  from  tests  that  an  in¬ 
flatable  flexible  fabric  rotor  will  assume  a  steady  autorotating  state  and 
decelerate  a  payload  to  the  desired  touchdown  velocity. 

2.  MODEL  DESIGN 
a.  Size: 

To  design  a  system  that  would  adequately  perform  as  required  and  yet 
be  fabricated  within  a  reasonable  time  period,  existing  and  readily 
available  components  were  utilized  where  possible.  The  critical  part 
of  the  system  relative  to  size  determination  was  that  of  an  inflation  sys¬ 
tem.  Since  simplicity  was  of  major  concern,  a  standard  CO£  cartridge 

pressure  bottle  system  was  incorporated  into  the  design.  The  pressure- 
volume  relationships  for  CO£  are  known  to  be  at  one  atmosphere  of  pres¬ 
sure;  there  are  34.  56  cu  in.  of  CC>2  per  gram  of  CO^  and  the  volume  is 

in  direct  inverse  relationship  with  absolute  pressure.  The  rotor  size 
now  is  determined  from  Equation  18  for  a  NASA  0012  airfoil: 

VAF  =  0.  082  b2  RN  .  (57) 

If  we  substitute  b  =  0.  314  R/N  (from  the  definition  of  solidity),  Equa¬ 
tion  18  reduces  to: 

VAF  =  0.  00404  R3/N  (58) 

Assuming  that  a  5-psig  pressure  would  be  sufficient  to  provide  the  neces¬ 
sary  steady-state  performance  characteristics,  the  available  volumes  of 
CC>2  for  a  4-,  8-,  and  12-gm  cartridge  and  resulting  rotor  radii  for  N  = 

2  blades  is  presented  in  Table  XIII. 


-71- 


tmaSSL-ilL  Jiitohj':. 


SECTION  IV  -  FEASIBILITY  DEMONSTRATION 


TABLE  XIII  -  ROTOR  DIAMETER  AND 


C02  BOTTLE  SIZE 

Volume  at 

Size 

5  psig 

(gm) 

(cu  in.  ) 

R  (in.  ) 

4 

104 

29.  5 

8 

2  08 

37.  2 

12 

312 

42.  6 

Since  steady-state  experimental  data  are  in  existence  for  a  five-foot 
diameter  system,  the  final  system  design  diameter  for  this  model  was 
chosen  to  be  five  feet  so  that,  if  possible,  a  performance  comparison 
and  evaluation  could  be  made.  Table  XIII  designates  that  the  four-gram 
CO^  bottle  will  be  required.  Solving  for  chord  length,  b,  from  above 
for  a  radius  of  30  in.  and  N  =  2  yields: 

b  =  0.  314  (30)/(2) 

b  =  4.  75  in. 

The  selected  rotor  size  will  be  the  following: 

R  =  3  0  in. 
b  =  4.  7  5  in. 

N  =  2  . 

The  similitude  of  this  system  to  the  full-scale  configuration  will  be  that 
of  a  terminal  descent  velocity  of  22  fps.  The  disk  loading  to  be  experi¬ 
enced  at  this  descent  velocity  will  be  0.  8  psf  and  is  obtained  from  Fig¬ 
ure  7.  The  area  swept  by  the  blades  will  be  equal  to  ttR2  and  is  19.  6  sq 
ft.  The  thrust  produced  will  be 

W  =  WD  A 

W  =  (0.  8 )( 1 9 .  6) 

W  =  15.  68  lb  . 
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b.  Material 


The  blade  design  configuration  is  shown  in  Figure  20.  As  can  be  seen, 
the  blade  is  comprised  of  a  base  cloth,  and  cover  ply  (1.  30  oz/sq  yd 
Dacron  pattern  number  3598).  The  basic  cloth  strength  is  45  pounds  per 
inch  in  the  warp  direction  and  52  pounds  per  inch  in  the  fill  direction.  A 
special  material  comprised  of  tire  cord  and  a  leaded  elastomera  was 
used  at  the  forward  blade's  leading  edge  to  achieve  mass  balance  ahead 
of  the  forward  quarter  chord.  An  additional  layer  of  Dacron  material15 
was  placed  over  the  tire  cord  cap  so  that  a  relatively  smooth  leading  edge 
could  be  obtained.  Design  weights  of  various  components  can  be  found 
in  Table  XIV. 


TABLE  XIV  -  MODEL  BLADE  WEIGHT  DETERMINATION 


Description 

Base  material 
weight 
(oz/ sq  yd) 

Approximate  coating  and 
elastomer  weight 
(oz/sq  yd) 

Component 

weight 

(lb) 

Base  cloth 

1.  30 

1.  20 

0.  03285 

Cover 

1.  30 

1.  20 

0.  03285 

Cap  (leaded) 

70.  00 

.  .  . 

0.  20250 

Cap  (outer) 

3.  32 

1.  68 

0.  01300 

Tube 

.  .  . 

.  .  . 

0.  00840 

Total  per  blade  =  0.  28960 

£.  Tip  Weight 


The  tip  weight  was  determined  from  Equation  36,  If  total  thrust,  T,  and 
total  system  blade  weight  are  used,  then  the  system  total  tip  weight  can 
be  determined  by 


0.  7427(W)-Wb 


TOT 


Q 


TOT 


.5  cos  8  +  (V-,)  tan  6 

0  1  o 

_ 


COS  0  + 

o 


<VTr  tan  0( 

~g 


(59) 


aGoodyear  Tire  &  Rubber  Pattern  XZ  28A263 
^Goodyear  Tire  &  Rubber  Pattern  15268/1 
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By  substituting  numerical  values  for  the  symbols  as  follows: 

T  =  15.  68  lb 


W 


B 


=  0.  576  lb 


TOT 


0q  =  3  deg 


R  =  2.  5  ft 
VT  =  fps  =  260  fps 


Qtqt  =  0.  064  lb  , 


the  tip  weight  per  blade  therefore  will  be 

Q  =  Qtot/N  -  0.  064/2  =  0.  032  lb 

The  tip  weight  design  can  be  found  in  Figure  21. 


3.  FABRICATION 

Resulting  from  the  relatively  small  size  of  this  model  the  most  economi¬ 
cal  means  of  fabrication  of  the  AIRMAT  portions  was  to  handsew  the  drop 
yarns.  Figure  22  depicts  the  tooling  required  to  handsew  the  AIRMAT  to 
the  NACA-0012  contour.  The  general  fabrication  consisted  of  first  fit¬ 
ting  the  base  cloth  around  the  tool.  Prior  to  this,  the  material  was 
cross  hatched  to  form  a  pattern  to  ensure  systematic  stitch  spacing. 

The  drop  yarns  then  were  sewn  continuously  in  the  radial  or  longitudinal 
direction.  Once  the  sewing  was  complete,  the  outer  cover  was  applied 
with  the  proper  cementing  technique.  After  curing,  the  root  and  tip  fit¬ 
tings  were  installed  and  then  the  leaded  cover  and  outer  cover  applied. 
The  root  fitting  design  can  be  found  in  Figure  21.  After  leakage  checks 
the  blade  was  ready  for  preliminary  testing.  Figure  23  is  a  platform 
view  of  the  blade.  An  end  view  looking  at  the  blade  tip  can  be  seen  in 
Figure  24.  The  symmetrical  airfoil  shape  can  be  seen  in  this  view. 

The  sewing  pattern  can  be  seen  as  the  dark  straight  parallel  lines  run¬ 
ning  longitudinally  on  the  blade  surface.  Figure  2  5  is  a  view  sighting 
along  the  trailing  edge  and  indicates  the  straight  contour  of  the  blade. 


4.  TESTING 

After  fabrication  of  the  blades  was  completed,  a  series  of  preliminary 
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Figure  21  -  Mode 
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Figure  22  -  Tooling  Required  for  Model  Fabrication 
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Figure  23  -  Blade  Planform  View 


Figure  24  -  Blade  End  View 
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tests  were  conducted  in  order  that  an  estimate  of  the  performance  char¬ 
acteristics  could  be  obtained.  Testing  was  conducted  in  such  a  manner 
that,  if  necessary,  possible  detrimental  problem  areas  could  be  relieved 
before  damage  to  the  system  was  encountered. 

The  first  area  of  testing  was  that  of  a  proof  test  on  internal  pressure  to 
ensure  that  any  possible  overpressure  experienced  during  bottle  infla¬ 
tion  would  not  be  harmful.  The  system  functioned  safely  at  1  0  psig, 
which  was  adequate  for  the  pressure  test. 

Dynamic  balance  during  steady-state  rotation  was  considered  next.  To 
evaluate  this  condition  a  test  fixture  was  assembled  and  a  series  of  rota¬ 
tional  velocities  induced  into  the  rotor  system.  These  angular  velocities 
were  obtained  by  a  controlled-rpm  motor.  The  tests  had  very  favorable 
results  up  to  an  anticipated  300-rpm  limit.  An  increase  in  weight  of 
eight  grams  at  the  tip  of  one  blade  was  required  to  bring  the  blades  into 
the  same  rotational  plane.  Once  the  unit  was  considered  to  be  dynamic¬ 
ally  and  structurally  continuous,  a  series  of  preliminary  tests  were 
made  with  the  system  mounted  on  an  automobile.  With  the  blades  pre- 
inflated  and  initially  in  a  trailing  position,  a  series  of  runs  were  made 
to  evaluate  transient  spin-up  characteristics.  For  all  of  the  five  tests, 
the  blades  assumed  an  autorotative  state  when  an  inflow  velocity  of  ap¬ 
proximately  20  mph  was  attained.  At  an  inflow  velocity  of  approximate¬ 
ly  35  mph,  the  test  fixture  was  bent  due  to  excessive  thrust  produced  by 
the  blades.  A.11  tests  were  performed  with  the  blades  at  a  negative  5-deg 
pitch  angle,  0. 

Following  the  preliminary  spin-up  tests,  a  series  of  bottle  inflation  tests 
were  performed  to  evaluate  the  effect  of  rapid  inflation.  Figure  26  de¬ 
picts  the  actuator  mechanism  and  its  attachment  to  the  swivel  and  teeter 
bar.  Figure  27  shows  the  adapter  required  to  connect  the  swivel  and 
actuator.  As  can  be  seen  in  Figure  28,  the  blades  are  then  attached  to 
the  teeter  bar  and  although  not  shown  in  the  picture,  rubber  tubing  from 
a  Tee  fitting  at  the  actuator  to  the  fitting  at  the  blade  root  provides  the 
necessary  inflation  duct.  Along  with  Figure  28,  Figures  29  and  30  in¬ 
dicate  how  the  blades  appear  in  a  packaged  state.  The  accordion  type 
pleating  as  shown  appears  to  be  more  advantageous  than  a  radial  roll. 

"his  also  provides  a  systematic  unfolding  of  the  blade  during  deployment. 

The  inflation  tests  consisted  of  first  inflating  the  blades  in  their  normal 
elongated  condition.  Since  the  pressure-volume  relationship  for  this 
model  is  very  sensitive  to  small  volume  changes,  it  first  was  necessary 
to  remove  all  residual  ambient  air  from  the  blades.  The  internal  pres¬ 
sure  was  checked  on  a  manometer  and  determinec;  to  be  6.  5  psig,  which 
even  though  slightly  greater  than  design  pressure  was  still  below  the 
proof  test  pressure  of  10  psig.  Following  this  initial  test,  the  blades 
were  folded  and  restrained  into  shape  with  a  suitable  strength  cord. 

When  the  CO^  bottle  was  released,  the  internal  pressure  increase  within 
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Figure  16  -  Inflation  Actuator  and  Hub  Assembly 
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Figure  27  -  Inflation  Actuator,  Swivel  Attachment 


Figure  28  -  Model  Rotor  Assembly 
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Figure  30  -  Packaged  Blade  (Top  V 
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the  blades  was  great  enough  to  break  the  restraint  cords  and  permitted 
the  blade  to  elongate  and  inflate  to  their  operating  pressure  of  6.  5  psig. 


5.  FREE -FLIGHT  TESTING 

A  series  of  five  drop  tests  were  conducted  to  demonstrate  the  free-flight 
capability  of  the  inflatable  rotor  system.  Testing  consisted  of  releasing 
the  rotor  system  from  a  helicopter  hovering  at  altitude.  For  these  tests, 
the  blades  initially  were  inflated  to  6.  0  psig  and  were  in  a  trailing  state. 
Shown  in  Figures  31  and  32  are  pictures  of  the  autogyro  during  two  suc¬ 
cessful  tests.  Due  to  the  downwash  of  the  hovering  helicopter,  three  of 
the  five  drops  resulted  in  failure  of  the  rotor  to  spin  up.  The  lack  of  spin- 
up  experienced  during  the  three  tests  resulted  from  one  of  the  two  blades 
entangling  in  the  payload.  During  the  fifth  test,  one  of  the  blades  was  dam¬ 
aged  and  therefore  the  entire  test  program  could  not  be  completed. 

The  two  successful  tests  were  sufficient  to  indicate  that  the  inflatable  rotor 
system  would  assume  an  autorotative  state.  The  fact  that  autorotation  be¬ 
gan  without  any  auxiliary  device  was  significant.  The  results  of  this  test¬ 
ing  have  demonstrated  therefore  that  an  inflatable  rotor  system  has  the 
capability  of  autorotating  and  decelerating  a  payload  to  a  low  descent  ve¬ 
locity  as  required  by  the  Army's  airdrop  mission. 
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Figure  31  -  Free-Flight  Test 
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APPENDIX  A  -  TRANSIENT  SPIN-UP  ANALYSIS 


1.  INTRODUCTION 

Contained  in  this  Appendix  is  a  theoretical  analysis  covering  the  transient 
spin-up  portion  o£  the  rotor  blade  deployment. 


2.  SUMMARY 

An  initial  mathematical  analysis  of  rotor  deployment  has  been  accom¬ 
plished,  Aside  from  the  derived  analytic  relations  which  enable  the  sys¬ 
tem  to  be  properly  sised,  an  analytic  procedure  has  been  developed  for 
determining  to  a  first  approximation,  the  variation  of  the  rotor  deploy¬ 
ment  angle  and  rotational  speed  with  time  for  any  particular  design.  By 
way  of  general  results,  it  has  been  found  that  the  rotor  deployment  angle 
increases  linearly  with  time  for  a  large  initial  range  of  angles.  The  ro¬ 
tational  spin-up  is  accomplished  primarily  during  the  first  10  to  20  deg 
of  rotor  deployment. 


3.  ANALYSIS 


The  three  equations  governing  the  motion  of  the  rotor  during  deployment 
have  been  derived  to  be 


R  R  R 

0  J[  |g*Rl2dR  a  g  sin  0  RldR  +  Q2  cos  0  f  ^(r  +  X)RldR 


dK, 


/R 

[(r  +  X)2n2  +  (R10  sin  0  +  d)2  +  R21  0 2  cos2  ff]  RldR,  (A-l) 


JfR 

1  ggMr  +  X)2  dR 
o 


/R 

l 


(r  +  X)2fl  2  +  (RljZf  sin  0  +  d)2  + 


Rl2  0l  cos  (r  +  X)  dR  , 


(A-2) 
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i  dK 

[<r  +  X)2fJ  2  +  (R10  sin  0  +  d)2  +  R1 2  02  cos20]  dR. 

(A-3) 

Because  the  lift  and  drag  forces  and  moments  become  significant  only 
after  a  large  amount  of  spin-up  has  occurred,  the  effective  blade  velocity 
may  be  taken  as  just  the  (r  +  X)  fl  component  throughout  the  present  anal¬ 
ysis.  A  major  benefit  realized  is  the  decoupling  of  Equation  A-3  from 
Equations  A-l  and  A-2,  In  addition,  because  X/R«  1,  the  effective 
blade  velocity  may  be  further  reduced  by  good  approximation  simply  to 
r  (l . 

Because  of  the  complexity  of  these  equations,  the  general  analytical  solu¬ 
tion  is  expected  to  be  both  complex  and  extremely  difficult  to  develop, 

It  was  found  efficient  therefore  to  concentrate  on  obtaining  approximate 
solutions  for  the  initial  and  final  stages  of  rotor  deployment. 

The  initial  solution  for  ft  is: 


C1K2 

sin  0  +  (1  -  cos  0)  K2X 

k2x 

1  -  (K2X)2 

K2X  (sin  0  +  K2X) 

V1  •  <K2X>2 

1  +  K2X  -\J  1  -  (K2X)2  1  +  K2X  tan 

(0/2)  +^1  -(K2X)2 

- 

|_1  +  K2X  +^1  -  (K2X)2  1  +  K2X  tan  (0/2)  -yjl  -  (K2X2  J 

(A-4) 

Since  K2X  is  very  small  relative  to  unity  (e,  g.  ,  5  or  6  percent),  second- 

order  terms  involving  (K2X)2  may  be  neglected.  It  follows  that  the  second 

term  in  the  braces  does  not  contribute  significantly  over  the  range  of  in¬ 
terest,  Oi)l<  tt/2.  Accordingly,  the  initial  solution  for  ft  may  be  taken 
more  simply  as 

sin  0  +  (1  -  cos  0)  K,X 

Q  =  C.  - —  (A-5) 

X  (sin  0  +  K2X) 

Note  that  ft  approaches  its  indicated  final  value  very  rapidly  relative  to 
0.  For  example,  when  K2X  =  0.  05,  ft  is  up  to  87  percent  of  its  ultimate 
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value,  when  0  has  increased  to  only  15  deg,  and  up  to  92  percent  and  95 
percent  of  the  indicated  ultimate  when  0  is  30  deg  and  45  deg,  respec¬ 
tively.  But  according  to  Equation  A-2,  when  Cl  becomes  zero,  Cl  and 
0  are  related  according  to  Equation  A -6: 


nf  =v/q/ Kd  sin3  (A-6) 

Equating  fl  ^  to  the  indicated  final  value  of  Equation  A-5,  the  constant 
of  integration,  C^,  is  evaluated  as 


=  X  (sin  0f  +  Kz 


X)yJ  Q/Kd 


3 

sin  0. 


sin  0£  +  (1  -  cos  0^)  K^X 


or 

CL  a  0£  .  (A-7  ) 

The  corresponding  initial  solution  for  0  is  given  by 

0  =  (Q  -  ft2  sin3  0)/Cl  .  (A-8) 

Note  that  0  increases  linearly  with  time  for  a  large  initial  range  of  the 
angle,  0.  Furthermore,  the  ultimate  value  of  0,  indicated  by  0  going  to 
zero,  is  reached  simultaneously  with  the  ultimate  rotor  speed,  Cl  ^ ,  i.  e.  , 
fl  goes  to  zero  simultaneously.  Thus,  these  solution(s)  for  the  initial 
stages  of  rotor  deployment  have  the  required  characteristics  of  the  com¬ 
plete  deployment  process, 

In  the  terminal  phase  of  deployment,  Equation  A-l  may  be  approximated 
by  the  following  equation  which  is  more  tractable: 


=  g  sin  0  +  Cl  ^  |Kj  sin  0  (cos  0)  -  sin^  0  .  (A-9) 

The  corresponding  solution  for  0  is 

,1/2 

2 


0  = 


-2g  cos  0/Kj  +  Cl  ^  j^sin^  0  +  (K^/K^)  (sin  0  cos  0  -  0 )j  +  C, 


(A  - 1  0) 
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4.  APPLICATION 

The  complete  solutions  for  II  and  0pass  from  the  initial  solutions,  Equa¬ 
tions  A-5  and  A-8,  to  the  final  solutions,  Equations  A-6  and  A-10,  re¬ 
spectively,  along  smooth  transition  curves.  Such  a  smooth  transition 
already  has  been  effected  for  Q  with  the  evaluation  of  the  constant  of  in¬ 
tegration,  Cp  as  in  Equation  A-7.  A  comparable  transition  is  somewhat 

more  difficult  to  achieve  in  the  case  of  0. 

Requiring  that  both  0  and  0  be  zero  at  the  end  of  deployment  yields  the 
two  following  relations: 


g  =  0  f2  (Kl  sin  0f  -  K  cos  0f) 


(A-  1  1 ) 


2g  cos  0£  =  Q  £  sin  0£  +  (sin  0£  cos  0£  -  0£)  +  C^K^J  .  (A-12) 

In  addition,  for  landing  to  be  effected  without  vertical  acceleration,  we 
have  according  to  Equation  A-3: 


Mg  =  £2  sin^  0 


/' 


(dKL/dR)  R4dR  . 


(A-  1  3 ) 


Equations  A-ll,  -12,  and  -13  enable  self-consistent  values  of  JT2£,  0£, 

and  to  be  chosen  for  any  given  design.  The  required  applied  torque, 

Qc>  then  is  specified  by  Equation  A-6.  As  for  the  smooth  transition  for 

0  from  the  values  given  by  Equation  A-8  to  those  available  from  Equa¬ 
tion  A-10  (C^  having  been  evaluated  as  above),  a  simple  initial  choice  at 

this  time  in  the  absence  of  additional  information  is  for  linear  weighting 
to  be  used,  i.  e.  , 


^overall  =  (1  "  ®  Q  Z  *5  8in3  *>/Cl>  + 


-  2g  cos  0/K  i 

+  n£2 

^sin2  0  + 

1/2 

(K^/K^)  (sin  0  cos 

0  -  ft)} 

tC2 

(A-  14) 
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Regardless  of  the  weighting  choice,  Equation  A-14  or  its  equivalent  may 
be  solved  for  f6  as  a  function  of  time  for  any  particular  design  isoclinically, 
analogically,  digitally,  or  numerically  using  difference  equations.  It  is 
anticipated  that  the  dependence  of  the  results  obtained  upon  the  weighting 
choice,  if  reasonable,  will  prove  nominal. 
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